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ABSTRACT
Sound localization is the capacity to identify the general location from which a sound is originating.
The primary anatomical feature responsible for the ability to localize sound is the external portion of the
ear, also known as the auricle or pinna. This faculty is significantly hindered when the ear is obstructed, as
is the case with hearing protection devices (HPD), which act as a barrier between sound waves and the ear
canal. In the case of electronic HPDs, certain frequencies are entirely filtered out by a digital sound
processor (DSP) while the remaining frequencies are delivered directly into the ear from a single direction,
further complicating sound localization. As a solution, a device is being developed at the W.M. Keck Center
for 3D Innovation (Keck Center) that integrates artificial pinnae into an electronic HPD to imitate the role
of its biological counterpart. The effectiveness of this approach, however, is limited unless the device
accounts for the custom shape of each individual ear. Because every pinna shape is different and has unique
interactions with sound signals, each person perceives sound differently. Currently, the artificial ears
attached to the Keck Center’s HPD are modeled after the Knowles Electronics Manikin for Acoustic
Research (KEMAR) and do not reflect the actual frequency response of a person with a different ear
geometry. The purpose of this research is to explore the feasibility of accurately capturing the morphology
of the pinna, producing replicas for a custom fit, and ultimately, developing a model or set of models with
common or generic features that successfully reproduce the frequency response of a variety of ear shapes.
To ensure a controlled testing environment, research was conducted on the design of anechoic and
hemi-anechoic chambers for the installation of an on-campus acoustic testing facility. Anechoic chambers
are specialized rooms that absorb and attenuate sound signals to eliminate reverberation. This effect can be
achieved by implementing acoustic foam panels, which are specifically shaped to dispel sound waves. For
this research, various acoustic foam panels were tested to evaluate their performance based on reflection
and attenuation, using American Society for Testing and Materials (ASTM) guidelines as a reference.
Ultimately, standard-size melamine foam panels were selected as the main component for the installation
as they provided the least reflection and had an attenuation of nearly 20 dB. A CAD layout of the finished
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test room was designed in Fusion 360, allowing for clear visualization of the room, as well as providing an
accurate approximation of the material needed for the installation.
3D Scanning technologies were implemented to model the morphology of the ear, using an artificial
left pinna as a reference. Given the possibility of future studies involving the modeling of the pinnae of
actual individuals, consideration was made to utilize technologies that would not pose a potential threat to
the health, as is the case, for example, with computed tomography (CT) scanners. As such, TrueDepth and
photogrammetric approaches were evaluated and compared to a benchmark model obtained with an X-Ray
and CT (XCT) system. TrueDepth reconstruction outperformed photogrammetry, with most areas of the
scanned model having a max deviation within ±1 mm from nominal data. Therefore, it was selected as the
most suitable approach for the modeling of the ear. GN ReSound, the company funding this investigation,
provided ear models of different morphologies to conduct acoustic testing and analyze the relation between
the shape of the sub-structures of the ear and frequency response. The models were not compatible with
the KEMAR mannequin at the Keck Center and had to be edited and corrected. The correction process
involved the extraction of ear geometries from the main body and the development of an interface template
using the XCT scans of the original KEMAR ears as a reference. Additional alignment and merging
procedures had to be defined to ensure a streamlined, repeatable process when combining both models.
The final assembly was fabricated with FormLabs’ Form3 VP 3D printer, using an elastic engineering resin
to allow the parts to adapt to KEMAR’s head when placed into position. The parts produced with this
material, Elastic 50A, had a layer thickness of 100 microns and, although less flexible than the original
GRAS ear models, were highly robust and not easily damaged. Several printing configurations were
explored to minimize the number of support structures required while preserving the quality of the overall
print. Ultimately, it was concluded that orienting the models in a vertical position with a reduced number
of supports yielded a more detailed part. A second version of the final ear model was produced using 3D
Systems’ Viper SLA 3D printer with a layer thickness of 102 microns, the same technology being employed
for the fabrication of the Keck Center’s HPD. Due to the lack of flexibility of the material used by the
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system, the models were separated into two sections to create a silicone-SLA hybrid. The portion with the
pinna and its surrounding surface was printed directly with SLA, while the portion of the interface was used
to fabricate a mold, which was then casted with silicone to produce a flexible part.
A visit to GN’s Beltone offices was scheduled to perform acoustic testing on both versions of the
ear models. The tests consisted of attaching matching ear models on both sides of KEMAR’s head and
gradually rotating the mannequin 360 degrees while an audio sweep and a pink noise generator produced
frequencies ranging from 100 Hz to 20,000 Hz, which were then captured using directional microphones
located inside the ear canals. After analyzing the results, it was concluded that Elastic 50A resin was
suitable for the elaboration of ear geometries and that the hybrid models required modifications to their
design to improve performance. Additionally, variations in sound perception could be observed when
comparing the results of different ear morphologies under the same conditions. Nonetheless, further testing
is required to determine if said variations in sound perception are significant enough to be perceived by an
individual to justify the fabrication of a generalized pinna shape. The contents discussed in this work serve
as a reference for the development of a robust method to elaborate ear models of different morphologies
compatible with KEMAR for acoustic testing, extending from the modeling of the pinnae to the final part
fabrication. Additionally, future studies will also include data on the tests performed on the hemi-anechoic
room designed for this investigation, as the final installation proved to be more challenging and timeconsuming than initially anticipated.
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CHAPTER 1
INTRODUCTION
1.1.

Background
The pinna is a complex structure that allows humans to localize sounds in space. It

encompasses the outer portion of the ear and is composed of several highly specialized substructures such as the helix, conchae, and tragus; all of which play an important role in sound
localization (Blauert, 1997). Sound localization can be defined as the ability to perceive the
direction from where a sound is coming from through the use of auditory cues that depend on the
difference in sound signals between the left and right ears, as well as their interaction with the
pinnae (Levine, 2003). Further research in this field revealed that, although the sub-structures that
compose the pinna are present in a majority of cases, the specific shape of the ear is unique to each
individual and can even be used for identification purposes (Iannarelli, 1989). In certain situations,
covering the pinnae is necessary to prevent hearing loss by placing a protective barrier between
the ear and incoming sound waves, as is the case in construction work or military operations, to
name a few examples. This obstruction provided by hearing protection devices (HPDs)
successfully attenuates signals arriving at the ear canal but also hinders sound localization. In the
case of electronic HPDs, specific frequencies are filtered out by a digital sound processor (DSP)
while the rest are delivered directly onto the ear from a single direction, further complicating sound
localization (Zimpfer & Sarafian, 2014). Previous work has been done at the W.M. Keck Center
for 3D Innovation (Keck Center) to address this issue by developing an HPD with integrated
artificial pinnae that carry out the role of the biological ears to retain sound localization without
sacrificing hearing protection (Belmont, 2020).

1

The ears used to design the artificial pinnae of the Keck Center’s HPD are modeled after
those of the Knowles Electronics Manikin for Acoustic Research (KEMAR). This may yield
satisfactory results on the head-and-torso mannequin but will inevitably underperform when tested
on subjects with different ear geometries due to the interplay between sound waves and the substructures of the pinna. The interaction between sound waves and the human anatomy can be
analyzed through a Head-Related Transfer Function (HRTF), which is a representation of the way
in which sound reaches the ear canal, accounting for the effects that the torso, head, and pinnae
may have in filtering certain sound waves (Wightman & Kistler, 1989). This relation between
HRTFs and the morphology of the ear is an indicator of how the shape of certain sub-structures
impacts different frequencies. Therefore, to a degree, every person perceives sound differently.
Nonetheless, the complexity of the shapes that conform the pinnae make modeling it an inherently
difficult process. For this reason, acoustic engineers commonly opt for using standardized ears to
obtain generalized results that provide a more-or-less accurate prediction of how the human ear
will interact with the device being tested. As a result, these standardized models have nonindividualized HRTFs that are then implemented into an acoustic model to imitate certain
conditions through digital filters. The problem with this approach, however, is that using nonindividualized HRTFs that deviate from the listener’s own HRTF can degrade spatial perception
and create front-back and up-down confusions (Wenzel et al., 1993). In this case, rather than
receiving sound signals treated with said digital filters, the user is receiving sound signals as
processed by KEMAR’s ears, which can be assumed to result in a similar type of confusion.
HRTFs are normally measured in specialized facilities under controlled conditions that
minimize interference created by sound reflection and reverberation. These conditions are referred
2

to as a free-field environment, which is defined by ISO 12001 (International Organization for
Standardization, 1996), in practice, as a field where sound reflections are non-existent or have a
negligible effect over the frequency range of interest (ISO, 1996).

In nature, free-field

environments can be found in open spaces with no boundaries and floors with good soundabsorbing capabilities, e.g. sand or snow. These conditions can be artificially replicated in sound
treated rooms, commonly known as anechoic chambers, which are covered on every surface by
sound-absorbing materials that absorb and diffuse sound waves to prevent reflection and
reverberation. In the case of HRTF measurements for hearing aids and HPDs, it can be beneficial
to retain some degree of sound wave reflectivity to account for the interaction between sound and
the environment in the real world.

By taking HRTF measurements in these controlled

environments, it becomes possible to achieve repeatable results that accurately represent the way
in which sound waves reach and interact with the pinnae from specific points in space.

1.2.

Motivation
As aforementioned, the standard ears commonly used in the industry, as well as in the HPD

being developed at the Keck Center, do not account for differences in morphology which can lead
to a degradation in sound perception and localization. Therefore, the main motivation of this
thesis, and the associated research, is to explore the feasibility of implementing custom ears for
the Keck Center’s HPD, fabricate ear models of different geometries compatible with KEMAR for
the analysis of frequency response, and, ultimately, to develop a set of models that contain
prevalent features of the pinna that accurately represent the frequency response of different
morphologies; this last part, however, will be explored in future research. Furthermore, it is
hypothesized that the morphology of the ear, as well as the material used for the fabrication of the
models, will result in significant variations in the frequency response that can be perceived by the
3

human ear. This serves as motivation for the design and installation of a hemi-anechoic chamber,
as having an on-campus testing facility would allow for acoustic tests of the HPDs, as well as of
the custom ear models, to be performed at The University of Texas at El Paso (UTEP). Even at a
minimum testing capability, the results would provide a general idea on the performance of the
devices and aid in the identification of areas of improvement, thus allowing for more rapid
development of the project.

1.3.

Objectives

This research is driven by the following thesis objectives:
1. Design of a functional hemi-anechoic chamber for acoustic testing of the Keck Center’s
HPD and ear models
2.

Identify 3D scanning technologies capable of accurately modeling the sub-structures
of the pinna with a max deviation of ±1 mm from the reference and suitable to use on
individuals

3. Implementation of AM workflow to fabricate ear models of different morphologies
with a max deviation of ±1 mm from the nominal data and compatible with KEMAR
for the analysis of frequency response to determine if the initial hypothesis is correct

1.4.

Thesis Outline
The subsequent material is divided into five chapters and covers the following topics.

Chapter 2 is a literature review on studies pertinent to the present research such as the morphology
of the ear, sound localization, ear feature recognition and modeling of the intricate structures that
constitute it. This chapter also includes early literature on free-field environments and HRTFs,
acoustic testing standards, and studies on sound absorption and the design of an anechoic chamber.
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Chapter 3, Chapter 4 and Chapter 5 are self-contained, each with its own (1) introduction, (2) setup
and procedures, and (3) results and discussion. Chapter 3 presents the design of an on-campus
acoustic testing facility, specifying dimensions and limitations, the acoustic testing performed on
the sound-absorbing material, a concept layout of the room and a brief discussion of the final
installation. Chapter 4 discusses the implementation of 3D scanning technologies for an accurate
representation of the features of the pinna. For this section, several tests were performed and
compared to a benchmark model to evaluate their performance. Chapter 5 focuses on the
development of a method to fabricate KEMAR-compatible ear models, acoustic testing performed
at GN, and an analysis of the results. Lastly, Chapter 6 includes a summary and a general
conclusion of the chapters previously mentioned, along with improvements and recommendations
for future work.
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CHAPTER 2
LITERATURE REVIEW
2.1.

Ear Morphology
The external portion of the ear, also called auricle or pinna, is a highly specialized structure

responsible for collecting and directing sound waves into the ear canal. Despite its anatomical
complexity and variation between individuals, there are common features or substructures that
compose the basic shape of the ear, i.e. the helix, antihelix, tragus, concha, and the lobule. These
landmarks have been studied for over 100 years in an attempt to identify and classify them, as
shown in Some Uniform Characteristics of the Primate Auricle (Streeter, 1922), where the model
and terminology of the time was used to compare the pinnae of humans and primates. In said
study, Streeter commented on the possibility of the terminology evolving over time to differentiate
between species and functionalities; nonetheless, the study on the external ear by Hunter and
Yotsuyanagi (2005) noted that there have not been significant changes since the paper was
published.
In 2009, Hunter et al. (Hunter, 2009) published a research article backed by a group of
international clinicians to standardize the terms used to describe human morphology. The
nomenclature used in said paper was near identical to that of Streeter’s work, with only slight
variations in some of the names. The most prominent landmarks (McFarland, 2015) are the helix,
crus of the helix, auricular (Darwin’s) tubercle, antihelix, triangular fossa, scaphoid fossa, tragus,
antitragus, and the lobule (Figure 2.1).
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Figure 2.1. Prominent anatomical features of the pinna
Every substructure of the external ear works in conjunction with each other to funnel sound
waves into the external acoustic meatus or ear canal, a narrow tube leading into the tympanic
membrane that resonates with frequencies between 1-6 kHz, providing increased sensitivity for
sounds within that range (Figure 2.2). The tympanic membrane or eardrum is a thin membrane
located at the end of the ear canal that converts the sound waves into vibrations that are then passed
on to the middle and inner ear.

Figure 2.2. Internal structures of the pinna
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2.1.1. Sound Localization
Sound localization refers to the ability to identify the direction of a sound source in space
and is dependent on binaural and spectral cues (Risoud, 2018). Binaural cues are the variations
between ears in time and intensity with which sound signals reach the ear canal, while spectral
cues allude to the interactions between sound signals and the pinna, head, shoulders and bust, also
called head-related transfer functions (HRTFs). All of these cues play an important role in locating
the sound source in three dimensions: azimuth, elevation, and depth (Figure 2.3).
Azimuth refers to the horizontal angle between the medial plane of the head and the
position of the sound source and is mainly determined by binaural cues. Elevation is the vertical
angle between the horizontal plane of the head and the position of the sound source, while depth
is the distance between the sound source and the center of the head. Both elevation and depth are
mainly determined by spectral cues.
Initially, it was proposed in Lord Rayleigh’s Duplex Theory (Rayleigh, 1907) that
differences in time and intensity of sound signals were the only factors responsible of sound
localization. Nonetheless, further research in this field revealed additional factors that had not
been taken into consideration.

In Spatial Hearing: The Psychophysics of Human Sound

Localization (Blauert, 1997), Blauert describes the early testing of “dummy heads” to accurately
replicate the acoustical characteristics of the human head, noting that the results of these tests
became more accurate when attempts were made to also replicate the anatomy of the pinna. In
Blauert’s text it was concluded that the most important sound signals for spatial hearing are those
in the ear canal, and that even the slightest change to said signals can create significant alterations.
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Figure 2.3. Directional cues used for sound localization

2.1.2. Ear Feature Variations and Modeling
In 1989, Iannarelli conducted an exhaustive investigation (Iannarelli, 1989) to determine the
feasibility of using ear recognition as a tool for identification within forensics. It was found that
this approach was possible since differences were present in every single ear, which led to the
conclusion that the exact shape of the pinnae was unique, even when comparing both ears of one
same individual. The implications of this discovery had an impact not only in forensics, but also
in acoustics, since they suggested that the spectral cues used for sound localization vary from
person to person. In other words, each individual interacts with the auditory space in a unique
way. However, studying these specific interactions presents a challenge due to the complexity of
the substructures of the pinnae, which makes modeling it an inherently difficult process. The ear
casting method can be tedious and time consuming, while 3D scanning had been associated with
the prohibitive costs of acquiring the equipment necessary to produce high quality models.
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Recent studies in the field of forensics have been made in an attempt to build upon
Iannarelli’s work by identifying specific variations of the human ear and elaborating methods
capable of analyzing the information to accurately recognize the specific shape of any given
individual. These advances are relevant in the field of acoustics since the results can be used to
obtain data on the prevalence of certain variations of the pinnae throughout the population.
Although not directly addressing the difficulty of modeling every unique pinna, this approach can
be used to create accurate representations of the external ear containing commonly found features.
In a study conducted in 2019, researchers photographed the ears of 177 subjects and used
the images to analyze morphological characteristics such as the overall size and shape of the ear,
tragus, helix, antihelix, earlobe and Darwin’s tubercle (Krishan, 2019). The study was successful
in identifying the prevalence of certain characteristics and concluded that the variations in the
substructures of the pinnae were dissimilar enough to make ear feature recognition a feasible
method of identification. It must be noted, however, that the nature of this study allowed only for
a visual comparison of the variations between ears, leaving out elements that in this case are
considered irrelevant, such as depth and rotation.
Although these factors may not be as important in the context of forensics, quantifying the
patterns of variation of 3D models of the ear (Claes, 2014) is a crucial aspect in accurately
representing commonly found features of the pinnae. In a more technological approach, Claes et
al. used existent models from a database of clinical computer tomography (CT) images to avoid
inconsistencies from some of the methods previously mentioned and to allow for quantification in
variation. The work is reported by the researchers as the first investigation of the external ear in
3D and provides valuable insights to the symmetrical and asymmetrical variations of the pinnae.
The technology and methodology used in the study are very promising, allowing for precise
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comparisons between models and providing the ability to, not only quantify variations, but to
create model averages using the samples within the dataset, ultimately achieving the goal of
designing a representation of the human pinnae with common or “generic” characteristics.
The limitation to this approach, however, lies in the fact that it is unfeasible and unethical
to expose subjects to the radiation inherent in CT scans in order to obtain models of high geometric
quality, restricting usable research samples to images located within the clinical database. This is
a non-issue in a proof-of-concept study. Nonetheless, should the need ever arise to include
additional samples, i.e. to diversify the samples within the dataset, it would be a complicated task
to acquire suitable models. In this case, recent 3D scanning technologies could serve as a viable
solution or overall alternative as several studies have been made to evaluate the feasibility of using
accessible, low-cost methodologies to replicate complex and anatomically unique parts such as the
pinna. The specifications of these technologies, as well as their constraints, will be discussed more
in detail in the following section.

2.2.

3D Scanning Technologies
3D scanning refers to the process of capturing and digitalizing the shape and appearance

of a real-world object, which can then be used to create digital 3D representations using specialized
software. The accuracy and precision of this approach is directly dependent on the acquisition
method that is being used: photogrammetry, laser scanning or structured light scanning. The main
difference between these three is the manner in which they capture the information of the object
that is being scanned. Photogrammetry requires a gallery of photographs of the object at different
angles and uses common elements of said pictures to triangulate its position and create a 3D model
(Figure 2.4), with an accuracy of 1 to 3 Ground Sampling Distance (GSD), which is the distance
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between two consecutive pixels relative to the photograph. For this reason, the technology is
largely dependent on camera quality and resolution and is commonly used to map and model large
areas and structures. Nonetheless, researchers have successfully shown that it can also be used to
create models of smaller objects with complex geometries such as the pinna with an accuracy of
approximately ±1 mm (Furferi et al., 2020; Nightingale et al., 2021; Ross et al., 2018).

Figure 2.4. Model visualization after image processing
Laser scanning, as the name implies, uses a laser and a sensor to capture information of the
object being scanned and creates a point-cloud by combining the information gathered from both
components. A point-cloud is a set of data points located in space and is the main output of scan
processing software to create 3D models. This technology has gained relevance as smartphone
manufacturers, such as Apple, began integrating it into their products’ cameras as an additional
feature. In the case of Apple, specifically, newer models of the iPhone and iPad use LiDAR and
TrueDepth systems for the back and front cameras, respectively (Apple, Cupertino, California).
The LiDAR (Light Detection and Ranging) method consists of using Vertical Cavity Surface
Emitting Lasers (VCSELs) to produce a wide “grid” of lasers with a wavelength between 800 nm
to 900 nm (Figure 2.5A), which are then detected using Single Photon Avalanche Photodiodes
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(SPADs) and processed using the Time of Flight (ToF) principle to determine the distance to the
object being scanned. These characteristics result in an accuracy of ±1 cm, making LiDAR
systems more suitable for scanning rooms and furniture-sized objects, as precision starts
decreasing when the scanned surface is under 10 cm in length and detection is lost at approximately
5 cm(Luetzenburg et al., 2021; Vogt et al., 2021).

Figure 2.5. Representation of dot grid created by A. LiDAR. And B. TrueDepth systems
The TrueDepth system, on the other hand, is the one used for face recognition, meaning
that it is much more suitable for smaller objects as it is designed to capture fine facial features for
identification. This system uses a dot projector to generate a dense “grid” of dots onto a surface
(Figure 2.5B), a flood illuminator to generate infrared lights to determine the presence of a face or
other objects, and an infrared camera capable of capturing wavelengths in the range of 800 to 1300
nm, to process the data produced by the previous components. The increased number of points
being scanned, in relation to LiDAR, allow this technology to achieve precise measurements
between 140 mm to 1000 mm of the camera, with the recommended distance ranging from 250
mm to 500 mm for a deviation of up to 5% of the target distances (Breitbarth et al., 2019).
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The last 3D scanning method to be discussed is structured light scanning. This approach
consists of utilizing visible light to project a 2D pattern on to a 3D surface and analyzing the
pattern’s distortion through a vision system to approximate the shape of the object. When flashing
the pattern onto the surface, the entire area is captured at once, as opposed to one point at a time,
meaning that this method is capable of achieving scan times as short as two seconds for the whole
area. Additionally, an accuracy of up to 25 microns can be achieved depending on the type of light
that is being used, as well as external light conditions. White light scanning uses a combination
of all colors in the visible spectrum to generate the pattern, while blue light scanning uses a
narrower wavelength that facilitates the process of filtering out any potential interferences from
ambient light, allowing for greater precision, accuracy and overall quality. Both approaches are
sensitive to light conditions of the environment in which the scan is taking place and their
performance is also dependent on the surface properties of the object being scanned (e.g. reflective,
translucent). For this reason, companies such as Artec3D implement an exposure setting to
modulate the light produced by the device to perform the scan (Artec3D, Luxembourg) The main
drawbacks of structured light scanning, however, reside in the high cost of the systems that employ
it, limited markets, and specialization aimed towards specific applications (Guan et al., 2003),
making it an unfeasible alternative in many cases. Nonetheless, several studies have successfully
used structured light scanning as a reference to evaluate the performance of other 3D scanning
technologies due to the consistent and highly accurate results that it provides, with a reported
accuracy of ±50 microns (Nightingale et al., 2021; Ross et al., 2018; Vogt et al., 2021).

2.3.

Head-Related Transfer Functions
The interactions between sound signals and the morphology of the pinnae can be studied

through head-related transfer functions (HRTFs) (Figure 2.6). HRTFs are a characterization of the
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way in which the ear receives sound waves from a point in space, accounting for the effects that
the head, torso and pinna may have in filtering or amplifying certain sound waves (Wightman &
Kistler, 1989). As previously mentioned, every individual has unique interactions with the
auditory space due to differences in spectral cues, meaning that every case requires its own HRTF.
HRTFs are an important tool in audio-related industries that help companies analyze the
way in which their products interact with the human ear by developing spatial hearing models that
accurately represent natural responses. However, requesting human subjects or designing different
ear models every time a test is performed is unfeasible as it would be time consuming and
expensive to implement (Meshram, 2014). For this reason, the use of dummy heads such as the
Knowles Electronics Mannequin for Acoustic Research (KEMAR) has become the industry
standard, as it successfully replicates the interactions between sound signals and the head, torso
and external ear (Gardner and Martin, 1995), and provides an increased repeatability in comparison
to tests performed with human listeners (Harder, 2015). Nonetheless, it is worth noting that this
methodology also has downsides to it; by using a generalized HRTF to generate spatial hearing
models, important spectral cues used for sound localization are distorted and can lead to errors and
confusions in sound source localization (Wenzel, 1993) (Middlebrooks, 1999).

Figure 2.6. Representation of HRTF behavior in relation to the position of a sound source
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In recent years, the use of HRTFs has gained traction in the field of virtual reality due to a
growing interest in developing immersive virtual environments with personalized spatial
perception (Meshram, 2014) for both research and entertainment. Despite changing the setting in
which it is applied, the issues with implementing personalized HRTFs remain nearly the same:
developing individualized spatial hearing models is time consuming and technically difficult,
while using generalized responses may not provide the most accurate results. In this case,
however, generic HRTFs may be sufficient, as additional techniques can be applied to improve
perception, e.g. cross-modal learning (Berger, 2018). By extrapolating that conclusion, it becomes
reasonable to suggest that, although fully personalized HRTFs may not be a reality yet, having
estimates could provide good enough results. In other words, by using a set of HRTFs that
replicate the response of commonly found ear features as opposed to a single non-individualized
HRTF, it may be possible to obtain closer approximations to the actual response of the listener.

2.4.

Free-Field Environment
In order to obtain repeatable and accurate results, HRTFs characterize the interactions

between sound waves and the anatomical ear in a free-field environment. That is, a field where
sound reflections are non-existent or have a negligible effect over the frequency range of interest
(International Organization for Standardization [ISO], 1996). In nature, these environments can
be found in open spaces with no reflective surfaces nearby and floors with good sound-absorbing
properties. For the purpose of acoustic testing, the conditions can be artificially replicated in sound
treated rooms, also known as anechoic chambers, which are covered on every surface by soundabsorbing material capable of absorbing and diffusing sound waves to prevent reflection and
reverberation.
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2.4.1. Sound Absorption
Sound absorption is the main concept through which sound treated rooms can replicate a
free-field environment and refers to the energy absorbed or removed from a sound wave as it
collides with a material (Shrivastava, 2018). The mechanics through which materials can absorb
sound are divided into three categories: porous absorbers, resonance absorbers and membrane
absorbers (Chen, 2019). Out of all three, porous absorbers are the most commonly used as they
provide high sound absorption due to the cavities in their structures, which trap sound waves and
convert the energy into heat through frictional or viscous resistance.
Foam absorbers are a type of porous absorbers heavily used in room sound treatment given
their good sound absorption performance, wide range of applicable frequency, relative low cost,
and ductility. Acoustic foam panels are generally made from polyurethane or extruded melamine,
both of which count with similar sound absorbing capabilities despite variations in other
properties, namely fire resistance and cost of production. Additionally, these types of panels have
a specific shape pattern (Figure 2.7) at their surface which further improves the range of absorbed
frequencies, as well as the rate of absorption. The reason for this, ties back to the mechanics
through which porous absorbers interact with sound waves; by sculpting the face of a panel, the
overall surface area and pore exposure is increased, allowing for more sound waves to be captured
and converted into heat. In general, acoustic foam panels are used for mid to high frequencies
(Tsay and Yeh, 2019), ranging from 2 to 4 inches in thickness. However, by increasing the
thickness of the panels, it is possible to include frequencies in lower ranges, with anechoic panels
having a thickness of 8+ inches to support a wide range of frequencies.
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Figure 2.7. Acoustic foam panels with wedge-shaped surface pattern

2.4.2. Anechoic Chambers
As the name implies, an anechoic chamber (AC) is a room free of echo, that simulates a
free-field environment by eliminating sound reflection.

Although originally developed for

acoustic treatment and measurements, this technology can also be applied to stop reflection and
interference from electromagnetic waves, creating a distinction between acoustic anechoic
chambers and radiofrequency (RF) anechoic chambers. Both types of chambers are widely used
in the automotive (Reddy & Kralicek, 2015; Yasuda et al., 2010) and aerospace (Kopiev et al.,
2017) industries. Additionally, acoustic ACs can also be found in the music industry and in hearing
aid research (Ressl and Wundes, 2010), to name a few, while RF ACs are commonly used in
telecommunications or to perform radar cross-section measurements.
The specific characteristics of an AC vary depending on the type of test and the object to
be tested. A study aimed at analyzing the acoustics produced by starting jets (Peña Fernández et
al., 2020) will require an acoustically treated AC nearly the size of an aircraft hangar. On the other

18

hand, if the purpose is to calibrate a small antenna and measure its radiation patterns (Icheln et al.,
1999), a small RF-treated AC would suffice. Once the purpose has been established, it is necessary
to define the design of the AC, as well as the material and shape of the absorbers (Beranek &
Sleeper, 1946). The frequencies of interest dictate the characteristics of the walls lining the room,
while the dimensions of the walls impact the geometric cut-off frequency of the chamber; in some
cases, single wall insulation is enough to obtain the frequency of interest, in other, a secondary
insulation wall and/or an air gap between structures may be needed (Ressl & Wundes, 2010). The
cut-off frequency can be determined using the following equation (Blanco et al., 1993):

𝑎 + 4𝑎 +

𝜆
+ 2𝐼𝑐 = ℎ
2

where a is the largest dimension of the sound source, 𝜆 is the geometric cut-off frequency, 𝐼𝑐 is
the wedge height of the acoustic panels (Figure 2.8), and h is the length of the longest wall.
As previously mentioned, it is important to define early-on the characteristics of the
absorbers that will be used for the project, as they have a direct impact on the frequencies being
measured. Studies on the performance of surface patterns (Beranek & Sleeper, 1946; Minin et
al., 2020) concluded that acoustic ACs benefit more from wedge-shaped structures, while RF
ACs have better results when pyramid-shaped structures are in use. Overall, the design and
construction of an anechoic chamber is a complex and elaborate process that requires careful
planning, as all variables affect each other either directly or indirectly.
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Figure 2.8. Single wedge-shaped structure from an acoustic foam panel
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CHAPTER 3
ON-CAMPUS ACOUSTIC TESTING FACILITY
3.1.

Introduction
As previously mentioned, one of the objectives of this work was to fabricate ear models of

different morphologies for the analysis of the frequency response and, eventually, the development
of a set of generalized representations of the pinnae capable of replicating the response of different
ear morphologies. With this goal in mind, it became necessary to identify a suitable testing
environment to evaluate the performance of different ear shapes. In acoustic testing, anechoic and
hemi-anechoic chambers are commonly used to fulfill this role. Although not strictly necessary,
having a specialized test room ensures that the results are accurate and, most importantly,
repeatable. For this reason, it was decided during the early stages of this research that a hemianechoic chamber would be beneficial for the development of the project and, as such, preliminary
research on the subject was conducted in order to successfully achieve the desired conditions.

3.1.1. Room Location and Limitations
The first step towards building the test room was defining the location where it would be
installed, taking into consideration that it would not be possible to build the room from scratch
and, instead, it would be necessary to repurpose an already existing office. This constraint entailed
additional limitations that had to be kept in consideration moving forward, such as keeping room
modifications to a minimum and avoiding damage to the walls and the ceiling. These conditions
signified that the dimensions of the test room would be directly dependent on the size of the office
that was chosen and that the materials used for testing and installation had to be removable and
non-damaging, which will be further discussed in a later sub-chapter.
21

Two locations were available to host the hemi-anechoic chamber, the first one was within
the Keck Center at UTEP, with an available space of 119 x 111 x 97.5 in. The second one was
located at UTEP’s Cotton Building outside of the main campus, with an available space of 165 x
114 x 87.5 in. Each of these offices presented benefits and drawbacks which had to be analyzed
before making a decision.

Being within the campus made the office at the Keck Center

significantly more accessible, however, the constant noise produced by machines in the laboratory
could mean potential interference when conducting testing. In the case of the office at Cotton
Building, the additional space could prove beneficial when using equipment required for the study,
nonetheless, its location made it less accessible as it would increase the time required to travel
between sites. After performing a noise level test using a dosimeter, which will be discussed in
detail in the following sub-chapter, as well as careful consideration of the aforementioned
variables, it was deemed that the accessibility provided by the office at the Keck Center was more
valuable for the development of the project.

3.2.

Setup and Procedures
As part of the initial step of defining the location of the test room, a noise level test was

performed at both offices to evaluate any significant differences that could have an impact in the
performance of the test room itself. After deciding on a location, research was made on the design
of anechoic chambers, using related works (Beranek & Sleeper, 1946; Blanco et al., 1993; Ressl
& Wundes, 2010) as a reference for the materials that would be needed, as well as to identify
additional considerations, such as the frequencies of interest. The frequencies of interest are the
ones used for the actual test and it it is important to ensure that the sound-absorbing materials are
capable of preventing additional frequencies in the same range from interfering with the
experiment. In this case, the frequencies of interest ranged between 20 Hz and 20 kHz, the
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estimated range of human hearing, which proved necessary to accurately analyze the response of
different pinnae shapes to sound waves.

3.2.1. Materials
A noise dosimeter was used for the noise level test to compare background noise at both
locations in order to make an informed decision. The device was lent by UTEP’s Environmental
Health and Safety (EH&S) department, as it was not available within the Keck Center. Once the
location had been established, acoustic tests were performed within the room to evaluate the
response of different panels and materials. The testing equipment used for these procedures
consisted of a UMIK-1 omnidirectional microphone (Figure 3.1A, miniDSP, Hong Kong) with a
frequency response of 8 Hz to 20 kHz +/-1 dB, a JBL Clip 2 portable speaker (Figure3.1B, JBL,
Los Angeles, California) with a frequency response of 120 Hz to 20 kHz -6 dB, and the Room
Equalizer Wizard (REW, Version 5.20.7; John Mulcahy, 2005) software for signal processing.
Additionally, two easel stands were modified with 3D printed components to hold the microphone
and speaker in place above the floor as to avoid potential interference.

A

B

Figure 3.1. Testing equipment used for acoustic testing. A. UMIK-1 omnidirectional microphone.
B. JBL Clip 2 portable speaker.
The samples being tested in this initial step comprised standard and large acoustic foam
panels. Standard (1 ft x1 ft) panels were available as polyurethane foam panels with 4-inches of
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thickness and melamine foam panels with 6-inches of thickness. On the other hand, all large (2 ft
x2 ft) panels were melamine foam-based with 4-inches of thickness. Both variations of melamine
foam panels were purchased from NetWell Noise Control , while the polyurethane foam panels
were acquired through SoundAssured. In both cases, the vendors made available performance
tables showcasing the noise reduction coefficient (NRC) ratings of their products at different
frequencies and with various panel thicknesses. The base in which the panels were placed, which
originally was meant to serve as an interface between the samples and the wall to prevent damage,
was also taken into consideration for the following phase of testing. As such, materials such as
cardboard and Rockwool were evaluated to determine their impact in the overall performance of
the panels.

3.2.2. Noise Dosimeter Test
As stated before, a sound pressure level (SPL) test was performed at the beginning of the
project to determine the most suitable location to host the hemi-anechoic chamber. The procedure
was rather straightforward, as it consisted of using a noise dosimeter to capture sound signals for
a given period of time and recording the results. Each test was performed five times for a duration
of thirty seconds, recording the values for Peak SPL, Max SPL, Min SPL and Average SPL, with
the values being averaged at the end of the session. Both sessions had similar conditions in the
sense that the recordings took place at a time when external noise was at a minimum. Nonetheless,
it is worth noting that this condition was more difficult to achieve at the Cotton Building, which
led to the recordings being conducted at a different time and day; a factor taken into account when
deciding on the location of the test room.
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3.2.3. Acoustic Foam Panel Testing
For the next phase of the project, several tests were performed to evaluate the sound
absorbing capabilities of various types of acoustic foam panels, with the objective of defining the
most suitable candidate with which to line the walls and ceiling. Despite the wide variety of
acoustic panel shapes available in the market, all of the samples selected for testing had a wedgeshaped pattern in accordance with Beranek’s findings (Beranek & Sleeper, 1946). Additionally,
factors such as dimensions, absorption coefficients, and safety had to be taken into consideration
when selecting the samples. For this reason, two variations of melamine foam panels and one
variation of polyurethane foam panels were chosen to evaluate the differences that could
potentially arise in performance given the size and thickness of the samples. The material, on the
other hand, has no meaningful impact in this context, as the main difference between melamine
and polyurethane lies in their respective fire ratings. Melamine foam used for sound-absorbing
insulation is rated as a class A fire retardant (ASTM International, 2017), meaning that it is
approved in public venues such as schools, making it ideal in this scenario. On the other hand,
polyurethane foam used for acoustic panels is generally rated as class B. In this case, however,
SoundAssured provided documentation to certify that their product received a class A fire rating
as per the ASTM E84 standard (ASTM International, 2021).
In preparation for the acoustic tests, samples were assembled by arranging panels in groups
of four, forming a 2-feet-by-2-feet square in an alternating pattern (Figure 3.2A). This collection
of panels was then attached to a 2-feet-by-2-feet cardboard panel and secured onto a repurposed
poster stand to hold the sample in place above the ground when testing. Large melamine foam
panels were of a sufficient size to completely cover the entire area of the 2-feet-by-2-feet cardboard
panel. As such, a single unit was used when assembling the testing sample, as can be seen in
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Figure 3.2B. The poster stand in question remained positioned a few inches apart from the wall,
with only the samples being attached and removed as needed, to ensure that the placement
remained consistent throughout all tests. Both the UMIK-1 microphone and the JBL speaker,
being held in place by modified easel stands, were set at 2 feet across the sample with a separation
of approximately 45° each from the centerline to add symmetry, as shown in Figure 3.3.

A

B

Figure 3.2. A. Test sample conformed by four 1 ft by 1 ft polyurethane foam panels. B. Test sample
conformed by a single 2 ft by 2 ft melamine foam panel
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2

3

Figure 3.3. Testing setup used during first testing phase. 1) JBL Clip 2 speaker. 2)
SoundAssured’s polyurethane panel. 3) UMIK-1 microphone

3.2.3.1 First Testing Phase
To evaluate the performance of the different panels, a basic sound absorption test was carried
out. The test consisted of generating a 10-second audio sweep ranging from 20 Hz to 20 kHz in
the REW software and playing it through a speaker. However, the lower value was later corrected
to match with the minimum achievable frequency of 120 Hz of the JBL Clip 2 speaker model. The
sound waves reflecting from the panel were captured and processed with the UMIK-1 microphone
using REW’s “Measure” feature, which generated a line graph of SPL in decibels (dB) as a
function of the frequency in Hertz (Hz), as illustrated in Figure 3.4A. Additionally, a smoothing
function of 1/6 octaves was applied to improve visualization and remove clutter from the resulting
graph (Figure 3.4B).
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B

Figure 3.4. Frequency response graph of a 120 Hz – 20 kHz audio sweep captured using a UMIK1 microphone. B. Frequency response graph after applying smoothing function of 1/6 octaves
Each test was performed three times per sample, as well as three times without samples on
the stand to use as a control group. All graphs corresponding to the same sample were grouped
into a set and averaged to obtain a single final graph that represented the performance of that
specific sample.

3.2.3.2 Second Testing Phase
With the intention of formalizing some of the parameters used during testing, the setup for
sound absorption tests was revised to follow guidelines provided by the ASTM C423 standard
(ASTM International, 2017). However, due to testing limitations, and as part of one of the
recommendations found in the ASTM C423 standard, the ASTM E2235 standard (ASTM
International, 2020) was used as a reference instead. The most notable changes to the original
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setup could be found in the position of the speaker, which was moved towards one of the trihedral
corners of the room, and the placement of the testing panels, which were secured directly onto the
wall via Command Brand command strips (3M, Maplewood, Minnesota) to prevent structural
damage. Aside from changes to the setup, the procedure itself was also conducted differently;
three locations within the office where selected to place the microphone (Figure 3.5) and a set of
five tests were performed per position before moving on to the next, as per the guidelines provided
by ASTM E2235. Once finished, the sample was removed and replaced with a different sample
and the process was began anew.

Figure 3.5. Layout of testing equipment and material as seen from above
In addition to the aforementioned changes, the “Decay” feature found in REW was used to
visualize the decay of SPL over time. The resulting graph can be observed in Figure 3.6A, where
the uppermost section, displayed in red, represents the first instance of recorded sound signal;
every subsequent section represents the behavior of the signal over a period of 160 milliseconds,
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with the lowermost section, displayed in blue, representing the last recorded instance. By
identifying the highest SPL value and comparing the first and last recorded instances at that
specific frequency, as illustrated in Figure 3.6B, it was possible to obtain the attenuation provided
by each of the samples. This process was carried out for each test and all values within a set were
averaged to assign a final attenuation value per sample. As with the previous testing phase, a
control group was established by performing several tests without any samples in place, and the
methods used to generate, capture, and process sound signals remained unchanged. Lastly, the
carboard panel used as an interface between the wall and the materials being tested was taken into
consideration as a variable that could affect performance and, as such, two additional tests were
performed: one without the interface and one where the cardboard was replaced with Rockwool, a
mineral wool material with sound absorbing properties.
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Figure 3.6. A. Decay graph of a 120 Hz – 20 kHz audio sweep captured using a UMIK-1
microphone. B. Visual representation of the comparison between the first instance of the highest
SPL (red) and the last instance (blue)

3.3.

Results and Discussion

3.3.1. Noise Dosimeter Readings
The results for background noise levels recorded at the Keck Center and Cotton Building
are presented in Table 3.1. It can be observed that sound levels remained sufficiently consistent
throughout multiple recordings at a given location for each category. Figure 3.7 displays a
comparison of the mean values of each group for both locations. Given the nature of the project,
all background noise levels were measured in decibels using A-weighting, a frequency curve
aimed at representing the response of the human ear to sound signals, with the only exception
being Peak SPL, which was measured in Z-weighting to obtain the absolute response of the
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microphone. As shown in Figure 3.7A, peak sound pressure levels for the Keck Center and Cotton
Building were very similar, suggesting a comparable loudness for both locations. On the other
hand, A-weighting measurements revealed more apparent differences as perceived by the human
ear. In every instance, noise levels at the Keck Center were higher than those at Cotton Building,
as can be seen in Figures 3.7B and C, which display notable deviations in maximum and minimum
SPL, respectively. A comparison between average SPL (Figure 3.7D) shows an even more
significant gap in background noise levels between both candidates, with the Keck Center
obtaining an average SPL 15.5% higher than the one obtained at Cotton Building, with 56 dB and
48.5 dB, respectively.
Table 3.1. Noise levels recorded at the Keck Center and Cotton Building
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Figure 3.7. Averaged representation of the readings captured at the Keck Center and Cotton
Building. A. Comparison between peak SPLs (Z-weighting). B. Comparison between maximum
SPLs (A-weighting). C. Comparison between minimum SPLs (A-weighting). D. Comparison
between average SPLs (A-weighting)
The clear difference in SPL may be attributed in no small portion to the fact that the office
within the Keck Center is situated in close proximity to large machinery that inevitably has an
impact on noise levels when operating. In contrast, the site at Cotton Building is fairly isolated,
relatively speaking, and is not in such close quarters with elements that could produce a noticeable
increase in background noise. Given the logarithmic nature of decibels, the measurement unit of
SPL, it is not a simple task to determine the actual difference in noise levels as perceived by
individuals that is obtained when comparing average SPL from both recording sessions. As such,
a noise level table by the Centers for Disease Control and Prevention (CDC, 2019) was used to
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find approximations in loudness using common sounds as a reference. As an example, the
background noise captured at the Keck Center was not as loud as the sound produced by an air
conditioner at 60 dB, and the one at Cotton Building was louder than the hum produced by a
refrigerator at 40 dB. Although the lack of objectiveness in this comparison was not ideal, it served
to put into perspective the perceived loudness of the average SPL obtained at both locations. Given
that the difference in noise levels was below 10 dB, less than half of the difference between the
aforementioned examples, it was decided that both results were within tolerable levels, especially
due to the assumption that the material used for installation would further attenuate SPL.
Despite the Cotton Building having shown lower noise levels on the first evaluation,
additional factors were taken into account when deciding on a location to host the hemi-anechoic
chamber, such as required material, ease of installation and accessibility. A simple comparison
between the dimensions of both offices made apparent that installing the test room at Cotton
Building would require an increased amount of material; additionally, the clean-up process and
furniture removal before installation would be more time-consuming. As previously mentioned,
Cotton Building is an off-campus facility. For this reason, the additional downtime created by
commuting between locations was considered when weighing the options. Ultimately, the office
at the Keck Center was selected to host the test room due to the convenience provided by being
located within campus, as it would eliminate the need for additional transportation when
conducting tests, moving testing samples and transporting the installation materials.
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3.3.2. Performance of Acoustic Foam Panels
3.3.2.1 First Testing Phase
The graphs in Appendix A illustrate SPL in relation to frequency for each group sample
when playing an audio sweep ranging from 120 Hz to 20 kHz within the office at the Keck Center.
Figures 3.8, 3.9, 3.10 and 3.11 are averaged representations of the three curves obtained for each
group. The standard deviation of each curve, found in Appendix B, remained below 1 dB
throughout the tests, suggesting consistency in the testing setup. The control group (Figure 3.8)
had an initial average SPL of 24.1 dB at 100 Hz, reached its peak at 67.7 dB between 1.142 – 1.168
kHz and concluded with 46.3 dB at the end of the audio sweep. The test sample conformed by
SoundAssured’s polyurethane panels (Figure 3.9) had a lower starting SPL of 23.6 dB, a peak of
67.5 dB between 460 – 477 Hz, and a final SPL of 41.3 dB at 20 kHz. NetWell’s Melamax panels
(Figure 3.10), on the other hand, had a higher SPL at the start of the audio sweep, in comparison
to the previous two groups, with 25.5 dB, peaked in two occasions with 66.7 dB at 460 – 479 Hz
and 727 – 753 Hz, and finalized with 42.5 dB. Lastly, NetWell’s V-Cut test sample (Figure 3.11)
presented an SPL of 25.4 dB at the start, arrived at its peak with 67.1 dB between 460 – 479 Hz,
similar to the peak frequencies for both SoundAssured’s and Melamax’s groups, and had a final
sound pressure level of 43.3 dB.
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Figure 3.8. Average frequency response of the control group to an audio sweep ranging from 20
Hz – 20 kHz

Figure 3.9. Average frequency response of SoundAssured’s polyurethane panels to an audio
sweep ranging from 20 Hz – 20 kHz
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Figure 3.10. Average frequency response of NetWell’s Melamax panels to an audio sweep
ranging from 20 Hz – 20 kHz

Figure 3.11. Average frequency response of NetWell’s V-Cut panels to an audio sweep ranging
from 20 Hz – 20 kHz
Figure 3.12 is an overlay of the averaged curves of each testing sample to facilitate the
evaluation of their performance in relation to the control group and to each other. In all instances,
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the lower limit of the horizontal axis was set as 100 Hz, to account for the inability of the JBL Clip
2 speaker to produce frequencies below that threshold. A common characteristic observed in all
tests was a rapid rise in SPL until reaching their peak, followed by a steady decrease that continued
until the end of the audio sweep at 20 kHz. It can be noted that the frequency at which sound
levels reached their peak was the same for each of the samples at 470 Hz, as opposed to the control
group, which reached its peak at 1.142 kHz. Moreover, the peak SPLs obtained with the test
samples are below that of the control group, with the largest difference being 1 dB, using the
Melamax panels, and the smallest being 0.2 dB, with the SoundAssured panels. It is thus evident
that sound absorption within the room improved when implementing acoustic foam panels, as they
successfully dissipated energy generated by sound waves around 1 kHz, resulting in a reduction
of SPL, and providing an overall reduction to SPLs throughout the entire audio sweep. By using
the data in Figure 3.12 as a reference, it was concluded that both of NetWell’s acoustic panels were
outperforming that of SoundAssured. Nonetheless, given the lack of standardization of the testing
setup, as well as the fact that the potential impact of cardboard as an interface for the panels was
not taken into account, the decision was made to redesign the setup and conduct an additional set
of tests.
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Figure 3.12. Overlay of the average frequency response for all test samples and the control group
to an audio sweep ranging from 20 Hz – 20 kHz

3.3.2.2 Second Testing Phase
The results for the tests performed using ASTM E2235 guidelines (ASTM International,
2020) can be found in Appendix C. Similar to the results from the previous testing phase, the
graphs (Figure 3.13 – 3.19) presented in this sub-chapter are an average of the curves obtained
during testing for each group. Likewise, the standard deviation for all tests remained below 1 dB
at their respective locations, as shown in Appendix D. As aforementioned, the aim of this testing
phase was to conduct an examination on the performance of the acoustic foam panels, accounting
for the potential impact of the material used as an interface, as such, studies were carried out to
evaluate the performance of cardboard and Rockwool in relation to one another. Figure 3.13
displays the behavior of SPLs when playing an audio sweep ranging from 120 Hz to 20 kHz at
three different microphone locations with no samples. It became apparent that the different
positions of the microphone significantly affected the way in which sound waves were perceived.
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Position 1 had a maximum SPL of 77.9 dB at 635 – 642 Hz, Position 2 reached its peak at 79.7 dB
between 752 – 765 Hz and 837 – 871 Hz, and Position 3 had its crest at 75.8 dB with a frequency
of 787 – 805 Hz. The test performed on the carboard interface by itself (Figure 3.14) yielded a
peak SPL of 77.5 dB at 631 – 638 Hz for Position 1, 80.1 dB at 861 – 871 Hz for Position 2, and
76.9 dB at 711 – 719 Hz for Position 3.

Figure 3.13. Overlay of the average frequency response of the control group to an audio sweep
ranging from 120 Hz – 20 kHz at three different microphone locations
The test was then performed using Rockwool (Figure 3.15) instead of carboard for the
interface, which resulted in a maximum SPL of 75.8 dB at 361 – 370 Hz for Position 1, 80.4 dB at
883 – 898 Hz for Position 2, and 75.6 dB at 955 Hz for Position 3. Further examination of the
above results, as well as an overall comparison of the full frequency range (Figure 3.16) led to the
decision of removing the material which served as an interface between the panels and the wall for
the final installation, given the fact that, in several instances, both carboard and Rockwool
increased reflectivity and provided little benefit.
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Figure 3.14. Overlay of the average frequency response of the cardboard interface to an audio
sweep ranging from 120 Hz – 20 kHz at three different microphone locations

Figure 3.15. Overlay of the average frequency response of the Rockwool interface to an audio
sweep ranging from 120 Hz – 20 kHz at three different microphone positions
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Once concluded with the interface tests, the material samples were reevaluated using the
new testing setup. SoundAssured’s polyurethane panels (Figure 3.17) peaked at 76.3 dB between
636 – 640 Hz for Position 1, 79.6 dB at 784 – 811 Hz for Position 2, and 76.2 dB at 712 – 720 Hz
and 788 – 802 Hz for Position 3. The test sample conformed by NetWell’s Melamax panels (Figure
3.18) significantly reduced max SPL for Position 1 with 74.8 dB at 365 – 370 Hz, Position 2, on
the other hand, had an increase to 80.5 dB at 868 – 878 Hz, as well as Position 3 which increased
to 76.6 dB at 788 – 806 Hz, in relation to the performance of SoundAssured’s panels. Lastly,
NetWell’s V-Cut panels (Figure 3.19) had a peak SPL of 75.6 dB at 632 – 643 Hz for Position 1,
80.5 dB at 749 – 771 Hz for Position 2, and 76 dB at 4.7 – 4.81 kHz, which notably diverged from
other range frequencies.
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Figure 3.16. Comparison of the average frequency response of carboard (orange) and Rockwool
(purple) in relation to the control group (black). A. Position 1. B. Position 2. C. Position 3.
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Figure 3.17. Overlay of the average frequency response of the SoundAssured panels to an audio
sweep ranging from 120 Hz – 20 kHz at three different microphone positions

Figure 3.18. Overlay of the average frequency response of NetWell’s Melamax panels to an audio
sweep ranging from 120 Hz – 20 kHz at three different microphone positions
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Figure 3.19. Overlay of the average frequency response of NetWell’s V-Cut panels to an audio
sweep ranging from 120 Hz – 20 kHz at three different microphone positions
Each of the curves in Appendix C was used to obtain decay graphs (Figure 3.6), which in
turn were analyzed to calculate the attenuation achieved by each sample. The reason for this
approach was the fact that the averaged curves used so far to compare samples could not be
converted into decay graphs, as they were the result of an operation and not the original data.
Therefore, it was necessary to convert each curve individually, calculate the attenuation and obtain
an average value for every sample at each position (Appendix E). As shown in Figure 3.20, an
average attenuation of 13.2 dB could be achieved in Position 1 when not implementing any sound
absorbing material. SoundAssured’s polyurethane panels and NetWell’s V-Cut panels increased
mean attenuation by 12.9% and 6.7%, respectively, while NetWell’s Melamax panels had a much
more significant increase of 44.6%. A similar trend could be observed in Position 2 (Figure 3.21),
where SoundAssured’s test sample increased attenuation by 10.8%, V-Cut panels by 3.7% and
Melamax panels by 35.5%. On Position 3 (Figure 3.22), polyurethane panels were outperformed
by V-Cuts, where the former had an attenuation increase of 30.3% and the latter an increase of
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59.8%. Nonetheless, the highest attenuation was obtained once again with the Melamax panels,
which provided an increase of 82.1% in relation to the control group. These values were grouped
together into a single graph (Figure 3.23) to improve visualization and averaged one more time to
obtain a single attenuation value for each of the samples (Figure 3.24), in which the control group
had an attenuation of 12.8 dB, the SoundAssured group an attenuation of 15 dB, Melamax panels
an attenuation of 19.5 dB, and V-Cuts 15.5 dB. This rough approximation of total attenuation
demonstrated that NetWell’s Melamax panels provided the highest attenuation out of all samples,
with an increase of 52.3% over the base response obtained when using no sound absorbing
materials. An estimate of the total amount of panels needed for the installation was calculated to
determine the final cost of materials, as can be seen in Table 3.2. It can be noted that Melamax
panels presented a final cost 6.3% lower than SoundAssured’s, but 40.2% higher than V-Cuts.
This was due to the V-Cuts having an area four-times greater than the other two, thus requiring
less panels and, in turn, being less costly. However, additional considerations (Table 3.3) were
also taken into account before deciding on a material for the installation. Requirements such as
safety of use, weight, ease of installation, sound attenuation, and affordability were achieved by
all samples. On the other hand, ease of handling could not by achieved by V-Cut panels as their
larger dimensions exceeded the size limitations mentioned in Table 3.3 and made them difficult to
work with. As such, it was concluded that Melamax panels were the best suited for the installation
of the hemi-anechoic chamber, given their performance and convenient size.

46

Figure 3.20. Average attenuation obtained for each test sample and the control group at Position
1

Figure 3.21. Average attenuation obtained for each test sample and the control group at
Position 2
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Figure 3.22. Average attenuation obtained for each test sample and the control group at
Position 3

Figure 3.23. Average attenuation obtained for each test sample and the control group for all
three microphone locations
48

Figure 3.24. Total average attenuation obtained for each test sample and the control group

Table 3.2. Estimate of material required for installation and final cost approximation as of
November 2021
Material
NetWell
Sound Assured

Melamax
Vcuts
Extra Thick
Acoustic Foam

Thickness

Size

6"
4"

Standard
2 ft x 2 ft

Price per
panel
$12
$34

6"

Standard

$12.8

# Panels
Walls
Roof
314
131
79
33
314

131

Cost
Walls
Roof
$3,768
$1,572
$2,686
$1,122
$4,019

Total
$5,340
$3,808

$1,676.8 $5,696.0

Table 3.3. Design requirements of acoustic foam panels
Material Requirements

Design Inputs
Must be fire rated as Class A fire-retardant
Safe to use
Must not pose a toxicity hazard
Lightweight
Must weigh less than 400 grams
Easy to handle
Material dimensions should not exceed 35 cm x 35 cm
Easy to install
Material should be compatible with non-permanent adhesive used for installation
Attenuate sound signals Must provide a minimum attenuation of 15 dB
Affordable
Material should have a cost below $15 per part
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3.3.3. Test Room Simulation
Once the material had been selected, a CAD layout of the installation was designed in
Autodesk’s Fusion 360 using the dimensions of the room and the panels for an accurate
representation. A rough estimate for total amount of panels was calculated in the early stages of
the project, as previously shown in Table 3.2, nonetheless, this approach allowed for a concise
number to be obtained, yielding a final number of 327 panels required to cover the walls and the
ceiling, thus lowering the cost of material to $3,924, and served as an opportunity to define what
the final design of the hemi-anechoic chamber would be. Certain factors that were not previously
accounted for, such as the space occupied by the door, and panels near the edges being unable fit
properly, became apparent during the development of the 3D layout. Ultimately, the insight
provided by the visualization of the installation process led to the implementation of flat melamine
panels to cover sections where regular panels would not be able to fit, such as the corner adjacent
to the door and a section of the ceiling. The final arrangement of the room is illustrated in Figures
3.25 and 3.26, which display most of the panels in an alternating pattern as commonly seen in
anechoic chambers, flat panels in areas that are in close proximity to the door, and a section of
panels following the same orientation on the door and one of the walls to maximize sound-treated
areas without hindering access to the room.
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Figure 3.25. Isometric views of test room layout using NetWell’s Melamax panels

Figure 3.26. Isometric view of test room layout, displaying ceiling arrangement

3.3.4. Final Installation
As mentioned in the previous sub-chapter, the final installation of the panels was carried
out using command strips as an interface between the panels and the walls to prevent structural
damage to the office. The CAD layout was used as a reference during installation and, given that
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the size of the room and the panels had been used for the 3D model, there were no major
complications when arranging the materials. Nonetheless, a few areas of improvement were
identified during installation and changed accordingly to allow for the placement of more panels,
as can be seen in Figure 3.27.

Figure 3.27. Picture of the hemi-anechoic chamber displaying the entrance of the room and
highlighting areas that deviated from the CAD layout
When installing the panels on the wall adjacent to the door, it became apparent that placing
additional panels would not cause interference when opening the door; similarly, the area to the
right of the door was initially going to be covered with flat panels, nonetheless, a surplus of
acoustic panels allowed for the section to follow the same pattern as the rest of the room, as shown
by the highlighted areas (Figure 3.27). The most notable difference between the CAD layout and
the final installation, however, can be found at the center of the ceiling, where a rectangular area
was deliberately left with no panels to allow for the lighting used for the room to provide
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illumination (Figure 3.28). These empty sections on the ceiling – the one previously described
and the one in front of the door – were sources of concern, regarding the potential interference that
could be created when performing acoustic testing. The matter was discussed with GN and a
conclusion was reached that no significant interference would occur on the frequencies of interest
(4 kHz – 10 kHz), given the size of the room and the fact that most reflective surfaces had been
taken care of. Thus, no additional modifications were necessary. The finished installation of the
test room can be observed in Figure 3.29.

Figure 3.28. Picture of the ceiling of the hemi-anechoic chamber, displaying the openings at the
center and corner of the room

Figure 3.29. Panoramic shot of the hemi-anechoic chamber, displaying the walls and a portion
of the ceiling
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CHAPTER 4
APPLICATION OF 3D SCANNING TECHNOLOGIES TO MODEL THE
HUMAN PINNAE
4.1

Introduction
Obtaining an accurate capture of the ear is an inherently difficult process due to the

complex structures that conform the pinna. Ear casting used to be one of the few options available
to capture the shape of the ear, however, the procedure is time consuming, can be uncomfortable
for the subjects whose ear is being casted, and can potentially cause deformation of the ear model
due to the pressure of the plaster as it is being applied to the pinna. Another alternative is the use
of CT scans, as presented by Claes (Claes et al., 2015), which provides highly accurate models of
the human anatomy that can be extracted and analyzed as needed. Nonetheless, a major limitation
of this approach is the unfeasibility of procuring a CT scan every time a study is to be performed,
given the elevated cost of the procedure and potentially harmful radiation levels. As a solution,
researchers have inquired into the capabilities of 3D scanning technologies to generate highly
accurate models of complex geometries such as the human pinnae, with the two main approaches
being photogrammetry and laser scanning (Furferi et al., 2020; Nightingale et al., 2021; Ross et
al., 2018; Vogt et al., 2021).
Photogrammetry, in the context of this project, refers to the process of interpreting
information of physical objects through the analysis of photographs to generate a threedimensional model that accurately preserves its dimensions. This is usually done by capturing the
desired object at different angles and “stitching” the photographs together using specialized
software to create a point-cloud, which is then converted to a mesh for the final step of the process.
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Laser scanning, on the other hand, can refer to the usage of laser beams to obtain depth information
of an object based on the Time of Flight (ToF) principle. The specific operation, range, precision,
and accuracy of this approach depends on the particular technology that is being used. As such,
researchers have found that certain methods have very favorable results while others not so much
(Vogt et al., 2021). These two technologies were explored in the project to evaluate the possibility
of implementing 3D scanning to recreate the shape of the pinnae with a deviation no greater than
±1 mm, with the intention of obtaining individualized models that can be used to find common
morphologies of the ear. In addition, metrology-grade 3D scanning technologies such as CT
scanning and structured light scanning were employed as part of the evaluation to use as
benchmarks of the resulting models, which are described in further detail in the following
subchapter.

4.2.

Setup and Procedures

4.2.1. Materials
To simplify the scanning process of the pinna, a decision was made to use an artificial
model designed for Knowles Electronic Manikin for Acoustic Research (KEMAR). The model,
GRAS KB0061 (GRAS Sound & Vibration, Holte, Denmark), is a small left ear made out of
silicone with a coupling at the back to attach to KEMAR’s head for acoustic testing (Figure 4.1).
In some cases, custom supports were fabricated with available material or designed with additive
manufacturing to keep the artificial ear in place during the scanning process. For the
photogrammetric approach, a CANON EOS 1200D (CANON, Tokyo, Japan) camera with a
SONY FE 24-105 mm F4 G OSS (SONY, Tokyo, Japan) lens was used to produce high-resolution
imagery of the model, which was then processed with Meshroom (Version 2021.1.0; AliceVision,
2020) to generate point-cloud data and, in turn, a final mesh. In contrast, the laser scanning method
55

was conducted with the TrueDepth camera of the iPhone 12 Pro Max (Apple, Cupertino,
California), located at the front, in tandem with the Heges iOS application (Version 1.6.3; Marek
Simonik, 2019), a 3D scanner implemented in previous works (Vogt et al., 2021). For the
benchmark models, the Keck Center provided access to the wide-area 3D measurement system
Keyence VR-5000 (Keyence, Osaka, Japan) and the Pinnacle PXS-225/70 (Pinnacle X-Ray
Solutions, Suwanee, Georgia), an X-Ray and CT scan system (XCT) commonly used to generate
models with an accuracy of up to ±24.5 microns, that can be analyzed for non-destructive testing.
Each of the resulting models was then post-processed with Autodesk’s Meshmixer to perform
corrections and isolate the region of interest. Lastly, a surface analysis of the models was
performed with GOM Inspect (GOM, Braunschweig, Germany) to quantify the deviation produced
by each scanning method. A comparison of the resolution and scan times commonly achieved by
each of the technologies explored in this chapter can be found in Table 4.1.

Figure 4.1. KEMAR’s artificial left pinna, GRAS KB0061
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Table 4.1. Comparison of resolution and scan times achieved by different 3D scanning
technologies

4.2.2. Photogrammetric Reconstruction of the Artificial Pinna
For the first test, based on Furferi’s (2020) methodology, a custom base was designed to
act as an interface between the artificial pinna and the axis of a stepper motor to allow for a
controlled rotation of the model throughout the procedure. To provide an environment with
controlled lighting, the model was placed inside a Neewer cube diffusion soft box kitwith a white
background (Neewer, Shenzhen, China). Additionally, Aputure’s MC mini LED lights (Aputure,
Shenzhen, China) were positioned in such a way as to create the least amount of shadow, as it
could potentially interfere with the processing of the images. The camera was secured onto a
tripod and stationed in front of the artificial ear (Figure 4.2), with a focal length of 105 mm to
ensure that every structure remained in focus at all times. The final preparation was programming
the stepper motor to rotate in steps of 6° every time an input was received to maintain a consistent
rotation between pictures. The initial position of the model was with the interface of the silicone
ear facing towards the camera. After a picture was taken, a manual input would be sent to the
motor to action a counterclockwise rotation.

Capturing all 360° of rotation was deemed

unnecessary, as the interface portion of the model was not relevant to the main objective of the
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test, therefore, the process was repeated until the ear completed a rotation of 180° for a total of 30
pictures.

3

2

1

Figure 4.2. Setup used for first test of photogrammetric approach. 1) Static camera 2) Portable
LED light 3) Rotating model
For the next step, all images had their backgrounds removed digitally with Photoshop’s
“Remove Background” tool and were imported to Meshroom to be processed.

Using the

“Structure from Motion” node it was possible to extract 5,379 features from 14 estimated cameras
to generate a point-cloud preview of the final reconstructed model (Figure 4.3). In this case, the
post-processing operations performed on the photographs hindered the ability of the software to
recognize camera intrinsics. As such, the data displayed by the point-cloud was spaced out in a
manner that made it difficult to discern the model that was being previewed. Nonetheless, no
additional images were added to the original batch and a final mesh was successfully produced by
computing the “Texturing” node presented by the software and exported as an OBJ file; the entire
Meshroom workflow can be found in Appendix F. An attempt was made to reconstruct the model
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using the original pictures to facilitate recognition of the camera’s intrinsic properties.
Nonetheless, the software failed to create a point-cloud and a final mesh could not be obtained.

Figure 4.3. Point-cloud preview of the rotating model generated in Meshroom
A second test was performed with a different setup, using an image acquisition procedure
similar to the one presented by Ross (2018), to evaluate the differences in the resulting meshes.
Instead of rotating the artificial ear, it was kept in a stationary position with the pinna oriented
upwards to allow for pictures to encompass all 360° without including irrelevant information. As
a result of having an unmoving model, the camera had to be repositioned after taking a photograph.
Additionally, the pictures were taken at two different heights to prevent blind spots that could
affect the final reconstruction (Furferi et al., 2020). A total of 44 pictures were imported into
Meshroom with unedited backgrounds, which allowed for the recognition of camera intrinsics.
Because of this, 62,987 features could be extracted from 44 estimated cameras to generate a pointcloud preview (Figure 4.4) and, in turn, a final mesh in OBJ format. Both files were then imported
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to Meshmixer for post-processing. Defects in the mesh, such as gaps and holes, were automatically
detected and repaired using the “Inspector” tool, after which a smoothing function was performed
to reduce the ruggedness of the models.

Figure 4.4. Point-cloud preview of static model generated in Meshroom

4.2.3. TrueDepth Reconstruction of the Artificial Pinna
The scanning process with the Heges application, using the TrueDepth camera, solely
consisted of capturing the model by moving the camera around the object while maintaining it in
focus for the entire procedure. A precision of 0.5 mm, the highest permitted by the application,
was selected to ensure the scanned data would be able to recognize and capture all features of the
pinna. Similar to the photogrammetric approach, two tests were performed to evaluate the
performance of laser scanning. The first one had the artificial left ear attached to KEMAR (Figure
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4.5), which caused a slight curvature of the pinna as it adapted to the shape of the head, while the
second one had the model attached to a flat surface to preserve the original shape.

Figure 4.5. GRAS KB0061 attached to KEMAR's left coupling (left) and scanning preview as
displayed on the Heges application interface (right)
Both methods produced scans with over one million features that were then exported to
STL format to be post-processed in Meshmixer. Following the same procedure as with the
photogrammetric approach, gaps and holes were automatically detected and repaired by the
software. In this case, however, the surface texture of the reconstructions did not present the same
roughness as the previous ones, thus, the smoothing function was not performed.

4.2.4. High-Precision 3D Models
Two industrial 3D scanning systems were utilized to generate accurate representations of
the artificial pinnae to use as benchmarks for the resulting models. The first one was the Keyence
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VR-5000 microscope, which was configured to employ a high-definition, digitally-enhanced mode
to identify finer details. The model was placed on the microscope’s platform with the pinnae
facing towards the camera, which was centered in relation to it. Next, the region of interest was
identified automatically by the microscope and readjusted manually to remove empty regions
surrounding the model. Lastly, the focus of the camera was set to the most proximal point of the
ear, that is, the one closest to the camera, and the scanning depth was set as automatic. These
settings ensured that the starting point for all regions was the one closest to the camera and the last
one was at the level of the platform. Once the scanning process was concluded, a 3D model was
generated and exported as an STL file, as it was the only format generated by the system that was
also supported by GOM Inspect to be used as actual data rather than nominal.
For the XCT scanner, a custom support composed of low-density foam was produced to
maintain the artificial ear in place without affecting the final reconstruction. The ear was
positioned with the front of the pinna facing towards the X-ray source at an angle of approximately
45° to reduce overall distance traveled by the X-ray when going through the model (Figure 4.6).
This was done to maximize feature recognition without having to increase voltage, as this would
potentially lead to features not being recognized due to a lower density in some areas such as the
helix. During the scanning process, the model was rotated 360° at a rate of 0.33 degrees per second
for a total of 1440 projections, with a voltage of 140 kV and an amperage of 130 mA, as
recommended by a Keck Center staff member experienced in XCT scanning. A comprehensive
table listing all of the parameters can be found in Figure 4.7. Once concluded with the scanning
process, a volumetric representation of the artificial pinna was generated by the XCT system. The
model, however, could not be exported as a CAD file, as the corresponding feature was unavailable
due to license limitations. Therefore, the resulting body had to be converted into a mesh and was
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exported in STL format. As opposed to the photogrammetric and laser scanning approaches, the
models produced by the industrial scanning technologies did not present reconstruction defects,
e.g. rough surfaces. As such, no post-processing operations were performed.

1

2

Figure 4.6. Setup used for the Pinnacle PXS-225/70 scan. 1) Artificial pinna supported by lowdensity foam. 2) X-ray source

63

A

B

Figure 4.7. Full list of parameters applied for the scanning process of the artificial pinna using
the PXS-225/70 XCT scanner

4.2.5. Surface Analysis
Once concluded with the reconstruction of the artificial pinna using all previously listed
3D scanning technologies, a surface analysis comparison was conducted using GOM Inspect to
evaluate the performance of the test models, i.e. photogrammetric and TrueDepth models. The
64

analysis was performed with two models at a time, one representing the nominal data and the other
one representing actual data. After importing both elements, an alignment operation was necessary
to ensure that the comparison was accurate. This was achieved by selecting the “Pre-alignment”
tool, which automatically detected similar features and aligned them correspondingly. In some
cases, the alignment tool “Local Best-Fit” had to be implemented as an additional operation to
obtain proper alignment.
For the first evaluation, the XCT model was compared to a CT scan produced by Belmont
(2020) during earlier stages of the project. The objective of this analysis was to evaluate the
accuracy of the data captured by the XCT scanner, and ensure that the resulting model could be
used as a benchmark for 3D scanning technologies. For the following analyses, the XCT
reconstruction served as the nominal data, while the actual data was that of the photogrammetric
and TrueDepth reconstructions. All surface analyses were performed on the actual bodies rather
than the nominal, to provide better visualization, and with a tolerance of ±1 mm, as that was the
range automatically selected by the software when performing the first analysis.

4.3.

Results and Discussion

4.3.1. 3D Model Recreated Through Photogrammetry
As can be seen in Figure 4.8A, the model obtained through the first method of the
photogrammetric approach shared some similar features with the original ear, such as the shape of
the helix and ear canal. Nonetheless, a visual assessment was sufficient to determine that the
surface quality of the model did not accurately reflect that of the artificial pinna and lacked any
significant detail. Despite the apparent shortcomings of the reconstruction, a decision was made
to move forward with the analysis, as it would provide information on the performance of different
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technologies. Figure 4.8B illustrates the model after post-processing in Meshmixer. It can be noted
that holes and missing sections of the original model were repaired, and that the initial roughness
of the surface was smoothed out. On the other hand, the second method of the photogrammetric
approach yielded an incomplete reconstruction that failed to recreate the ear geometry, as
displayed in Figure 4.9. In this case, a visual assessment was enough to conclude that performing
the analysis would not provide any valuable information. Consequently, only the first model was
used for the evaluation. Initially, it was anticipated that the reconstruction of the stationary model
would outperform that of the rotating model, as it successfully recognized all images and identified
over twelve times more features. However, the results demonstrated the opposite, suggesting that
a majority of the features were those of the platform serving as a background, and that controlled
illumination played an important role in the reconstruction process.

A

B

Figure 4.8. Photogrammetric reconstruction of rotating model. A. As generated by Meshroom. B.
Post-processed model
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Figure 4.9. Photogrammetric reconstruction of static model as generated by Meshroom

4.3.2. 3D Model Recreated Through Laser Scanning
The TrueDepth mesh of KEMAR’s head, generated by the Heges application, was
conformed by a total of 1,522,266 triangles, which allowed for a considerable amount of detail to
be preserved. Although a significant portion was used for the partial reconstruction of KEMAR,
it can be observed that the model preserved several sub-structures of the artificial pinna, including
internal features such as the concha and antitragus, as well as the slight curvature of the original
model (Figure 4.10). Given the location of the camera used for scanning and the requirement to
maintain the object in focus at all times, it was not possible to fully capture the posterior portion
of the helix on the back of the ear, (Figure 4.11A). As such, the model was imported to Meshmixer,
where a corrective operation was performed to repair missing sections using a smooth fill to
recreate the geometry of the ear (Figure 4.11B).

Opposite to the results obtained by

photogrammetric reconstruction, the second model produced by TrueDepth scanning had similar
results to the first one, with the main difference being that the pinna did not present any curvature.
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The resulting mesh was composed of 3,427,121 triangles, once again allowing for a detailed
reconstruction of several features (Figure 4.12). As with the previous model, there was difficulty
capturing the back of the helix, which resulted in missing sections on the final mesh and had to be
post-processed in Meshmixer to repair the affected areas.

Figure 4.10. TrueDepth reconstruction of the artificial pinna while attached to KEMAR

A

B

Figure 4.11. Meshmixer view of affected regions on the back of the helix. A. Missing regions
from original scan. B. Repaired regions from post-processed model
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Figure 4.12. TrueDepth reconstruction of the artificial ear while attached to a flat surface

4.3.3. Benchmark Models
The scanning method used by the Keyence VR-5000 consists of projecting light patterns
from two different sources onto the surface of the object being scanned and using algorithms to
determine the shape based on the deformation of the patterns. This allowed the reconstruction to
preserve some features of the pinna in the X-Y plane in great detail, with an accuracy of ±2
microns. Nonetheless, the system was not able to capture internal features nor the back portion of
the artificial ear, resulting in missing regions and solid faces covering overhanging sections, with
the most notable region being the helix (Figure 4.13). Because of this, the model was deemed
unfit to be used as a benchmark for 3D scanning technologies, as the missing features would not
permit for an accurate evaluation. Several considerations were made regarding the positioning of
the artificial ear to allow for all features to be scanned. Ultimately, however, this was determined
to be unfeasible given the complex geometry of the pinna and no additional scans were performed
with the Keyence system.
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Figure 4.13. Missing regions of the Keyence VR-5000 reconstruction (left) and solid faces on
overhanging sections (right)
In contrast, the reconstruction produced by the PXS-225/70 was able to preserve all
features with a resolution of 24.5 microns per voxel, as can be seen in Figure 4.14. The scanning
process was repeated five times due to misalignment of the model and deterioration of the filament
used for the X-ray source, with each scan requiring approximately 30 minutes, plus postprocessing for the reconstruction.

Despite the initial inconveniences, the resulting model

preserved intricate details of the original part, such as the serial number at the back and slight
deterioration on the ear canal.
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Figure 4.14. PXS-225/70 reconstruction of the artificial pinna

4.3.4. Surface Analysis
As illustrated in Figure 4.15, data obtained through the XCT scan remained within a range
of ±1 mm of the CT (Belmont, 2020) model. It can be observed that the majority of the mesh is
colored in green, representing a deviation of ±0.2 mm. The most significant deviations were found
at the edges of the interface and in some regions of the concha, helix and back of the ear, with up
to +2.7 mm and -0.8 mm, respectively. After further inspection, it became apparent that the CT
model had been previously modified, as suggested by the size of the interface and the lack of hubs
at the back. Furthermore, the degradation on the ear canal appeared to be repaired and could not
be located in the CT model. These characteristics led to the conclusion that the most notable
deviations between models were a product of modifications performed during post-processing of
the original scan data. Thus, it was decided to maintain the XCT reconstruction as a benchmark,
using it as nominal data for the following analyses.
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Figure 4.15. Surface analysis performed on XCT model using CT scan as nominal data, with a
tolerance of ±1 mm
Figure 4.16 displays the surface analysis of the Photogrammetry-XCT model comparison.
In this case, the results obtained by the evaluation presented considerable discrepancies. As can
be seen in the histogram, the mean deviation had a value between 0 and +0.75 mm. The analysis
was initially performed with a tolerance of ±1 mm, however, the results did not accurately reflect
the difference between both models since certain regions were not being taken into consideration.
As such, the tolerance was set automatically by the software to ±3 mm so that areas like the
antihelix and the concha, which were previously out of range, were taken into account. Even then,
sections of the pinna, such as the helix, a portion of the concha and the back of the ear, remained
out of boundaries, as represented by the color gray. By analyzing all of these factors, it was
determined that the photogrammetric reconstruction was not reliable for this specific task, as the
resulting model lacked features and had significant deviations from others.
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Figure 4.16. Surface analysis performed on photogrammetric model using XCT scan as nominal
data, with a tolerance of ±3 mm
For the TrueDepth evaluation, it became apparent that the slight curvature formed on the
artificial pinna when adapting to KEMAR’s head had a considerable impact on surface analysis,
as seen in Figure 4.17. Once again, the tolerance was changed automatically from ±1 mm to ±3
mm to better reflect the accuracy of the reconstruction. The upper section of the helix, antihelix
and concha presented the least deviation, as displayed by the color green which represents ±0.75
mm. Nonetheless, overall deviations concentrated between the values of -0.75 mm and -2.25 mm,
represented by the color blue lining the lower section of the colored area. It can also be noted that
areas below the blue region were deemed out of boundaries and not accounted for during the
analysis. These results suggested that the upper section of the first TrueDepth model was the least
affected by curvature and, as the pinna bent inwards following the shape of the head as it attaches
to the side of the face, its discrepancies with the nominal data became more pronounced until the
software no longer recognized it. Although useful for future reference, the outcome of this
particular evaluation provided little insight as to the effectiveness of TrueDepth scanning.
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Figure 4.17. Surface analysis performed on curved TrueDepth model using XCT scan as nominal
data, with a tolerance of ±3 mm
On the other hand, the model obtained when scanning the artificial ear on a flat surface
yielded more significative results. As shown in Figure 4.18, the software was capable of analyzing
the reconstruction in its entirety, with a tolerance of ±1 mm. Sections such as the helix, lobe and
part of the concha predominantly had a deviation of ±0.2 mm. Conversely, other regions of the
concha, the right edge of the helix, the fold of the helix and the back of the ear deviated by ±1 mm
or more. These regions coincide with some of the areas that proved the most challenging to capture
during the scanning process, therefore, it was concluded that deviations in those specific locations
were directly related to process limitations. Although TrueDepth reconstruction was not able to
achieve an average deviation of ±0.2 mm, similar to that of the XCT scan, it was clear that the last
model was the most accurate in relation to the previous ones, with a max deviation of ±1 mm.
Factors such as required setup, scan time, processing time, post-processing, and accuracy
of the reconstruction were taken into account when determining the most suitable approach to
capture and reconstruct the geometry of the pinna. Photogrammetry, on one side, required the
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preparation of a controlled lighting environment and had a scan time of approximately five
minutes. The method also presented various errors throughout the entire reconstruction (i.e. holes
and rough surfaces), which had to be repaired, and achieved a mean deviation of 0-0.75 mm, In
contrast, TrueDepth did not require a setup, had a max scan time of two minutes, presented
reconstruction defects around areas difficult to capture while scanning, and achieved a mean
deviation of 0.20-0.60 mm. As such, TrueDepth was determined to be the most appropriate
approach for the task, out of the two technologies used for this evaluation. This is not only due to
its accuracy, but also the simplicity of the process and time efficiency.

A
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Figure 4.18. Surface analysis performed on flat TrueDepth model using XCT scan as nominal
data, with a tolerance of ±1mm
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CHAPTER 5
DEVELOPMENT OF KEMAR-COMPATIBLE EAR MODELS FOR THE
ELABORATION OF GENERALIZED PINNAE SHAPES
5.1

Introduction
As mentioned in Chapter 4, accurately capturing the morphology of the pinnae can be a

complicated task. In consequence, acoustic testing is commonly performed with a generalized ear
shape that yields non-individualized results that provide a notion of how the human ear will
perceive certain frequencies. The accuracy of these results, however, can vary significantly from
one individual to another depending on the geometry of the ear and, in some cases, can lead to a
degradation in spatial perception and create front-back and up-down confusions; that is, difficulty
identifying the specific direction from where a sound originated in relation to the head (Wenzel et
al., 1993). This behavior can be extrapolated into the assumption that the Keck Center’s HPD
(Belmont, 2020) will have a similar outcome, as the artificial ears implemented on the device are
modeled after GRAS KB0060 and GRAS KB0061. Standard KEMAR ears were originally
designed to replicate common features of the pinna by using the morphologies of 24 different ears
to arrive at a generalized shape (Burkhard & Sachs, 1975). Nonetheless, producing a single pair
of artificial pinnae from a relatively small sample size could be a partial cause of the deviations
observed by Wenzel (1993) when testing non-individualized models. As such, this chapter
presents the development of a method to design KEMAR-compatible ear models for acoustic
testing to analyze the relation between different ear geometries and frequency response. By
identifying common morphologies of the pinnae, as well as their response to sound signals, it is
possible to then develop generalized sets of ears that more accurately represent the response of a
wider variety of ear geometries.
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5.2

Setup and Procedures

5.2.1 Materials
GN ReSound, the company funding this research, provided sixteen different right ear
models in STEP format (GN models). The models, however, had a coupling on the back that did
not match that of KEMAR, as illustrated in Figure 5.1, making them incompatible and requiring
additional post-processing before the models could be printed and tested. In addition, the base of
the GN models had a different thickness and the pinnae were positioned differently than those of
the original GRAS ears. To ensure that these dissimilarities would not have an impact during
acoustic testing, a decision was made to extract the ear geometries and combine them with an
interface template. Said template was elaborated in DesignX (Geomagic, North Carolina) by using
the mesh produced by the XCT scanner as a reference and recreating the interface without the
original ear geometry. On the other hand, ear geometry extraction, alignment and merging of the
models was performed with Fusion 360.

FormLabs’ Form3 (FormLabs, Somerville,

Massachusetts) and 3D Systems’ Viper SLA 3D printer (3D Systems, Rock Hill, South Carolina)
were employed to fabricate the KEMAR-compatible ear models. To ensure the models would be
able to adapt to KEMAR’s head when performing acoustic testing, silicone rubber was used to
cast a flexible interface to use in tandem with the SLA parts, while FormLabs Elastic 50A resin
was used for the printing process of the Form3. Said resin was selected due to it being FormLabs’
most flexible material – with a shore hardness of 50A – and being able to produce parts with a
layer height of 100 microns.
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Figure 5.1. Ear model provided by GN (left) and GRAS KB0060 (right)

5.2.2 Elaboration of an Interface Template and Extraction of the Ear
Geometry
As aforementioned, GN ReSound provided files of several ear models with varying
morphologies to aid in the development of a generalized pinna shape. The models were then
imported into Fusion 360 to remove the elongated coupling at the back and replace it with the one
used for GRAS KB0060 and GRAS KB0061. This approach was unsuccessful as it became
apparent that internal features would be affected by the operation, as observed in Figure 5.2, which
displays an exposed region of the concha as a result of trimming the ear canal.
Additionally, upon further inspection, it could be observed that the contour at the edges of
the interfaces was different than that of KEMAR’s ears, which could potentially cause sections of
the model to protrude once attached. To prevent potential interference caused by these protrusions,
as well as to ensure a snug fit when attaching the models to KEMAR, it was decided that using the
original GRAS interfaces as templates would provide the best fit, as they were designed to be
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compatible with the Knowles mannequin. To achieve this, it was necessary to first remove the ear
geometry while preserving the rest of the model.

Affected region
of the concha
Trimmed ear
canal

Figure 5.2. Ear model provided by GN with trimmed ear canal, displaying affected internal
features
Initially, the models produced by the XCT scanner were edited with Meshmixer due to the
simplicity of the software. Nonetheless, the process itself was mostly free-handed, difficult to
parametrize and the tessellation of the resulting mesh was highly complex, making any further
editing a laborious endeavor. Therefore, the task was migrated to DesignX, which features a wider
variety of tools and high parametrization, as well as surface and feature recognition. Instead of
using the resulting STL file outputted by the XCT scanner, the model was imported as a TXT file
to perform corrections and adjustments that could potentially have been overlooked by the PXS225/70 software when generating the mesh. As opposed to the previous method, which consisted
of directly editing the mesh, a separate body was created using the reconstructed model as a
reference.

This was achieved by automatically dividing the entire body into regions and

identifying the primitive figures that conformed it. These figures could then be extracted and used
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as part of the new body to ensure that the dimensions were as accurate as possible. The resulting
model, referred to as the interface template, was then compared to the original through a surface
analysis performed within the software, revealing a maximum deviation of ±1 mm. This value
was skewed, however, given that the highest deviations concentrated at the region where the pinna
from the original model was located, while the majority of the deviations could be found within
the range of ±0.1 mm. A second comparison was performed with the non-post-processed model
to ensure that post-processing operations had not modified the core geometry. With the exception
of some gray areas caused by holes in the reconstruction, the results closely resembled those
obtained from the previous analysis, as seen in Figure 5.3.

Figure 5.3. Surface analysis performed on the interface template using the XCT scan as nominal
data with a tolerance of ±1 mm. The comparison was performed in two occasions, using the
post-processed scan data (top) and the non-post-processed one (bottom)
For the next step, the ear geometry of the models was extracted as preparation for assembly
with the KEMAR-compatible interface template. The procedure was performed in Fusion 360 and
consisted of designing a splitting tool that separated the pinna from the main body. The splitting
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tool was designed by first identifying the sections where the ear intersected with the base and
projecting the contour on to a plane at the back of the model. By performing a loft operation it
was possible to join the projected contour with the original and with a circular geometry outside
of the ear, resulting in a funnel-like body that isolated the ear geometry from the main body (Figure
5.4). Lastly, a splitting operation was used to separate all features of the pinna from the nonKEMAR-compatible interface, as shown in Figure 5.5.

1

2

Figure 5.4. Editing process of CAD model for ear extraction. 1) Splitting tool. 2) Original GN ear
model
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Figure 5.5. Extracted ear geometry with intact internal features

5.2.3 Alignment Method and Surface Merging
Once the interface template was finished and the pinnae had been extracted, it was
necessary to combine both bodies before being able to print a model that could be acoustically
tested. For this operation, a streamlined alignment process was developed to provide constraints
for each of the six degrees of freedom, with the intention of preserving the original alignment of
the ears before being extracted. Both models were imported into Fusion 360, were the centroid
of the ear canal, at the back of the model, and the centroid of the cavity, at the center of the interface
template, were aligned in relation to one another to constrain translation about the X and Y axes.
Next, the Z-axis was constrained by adding a separation of 1 mm between the aforementioned
elements to allow for a smooth transition and to prevent the extracted ear from invading the hubs
located on the back of the interface. For the rotational constraints, it was necessary to first identify
the axis of the pinna for all GN models using Fusion 360. The process consisted in creating a 3D
sketch marking the highest point of the helix and the lowest point of the lobe and tracing a line
between them (Figure 5.6).
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Figure 5.6. Highest and lowest points of the pinna joined by a dashed line to identify the axis of
the ear
By projecting the axis onto the X-Y plane and calculating the angle between the projection
line and the right edge of the base using the “Measure” tool, it was possible to obtain inclination
angle α. Inclination angle β was found in the Y-Z plane between the ear axis and the back of the
interface, while inclination angle γ was found in the X-Z plane between the same two elements.
Having found all separation angles, the rest of the alignment process solely consisted of correcting
the rotation of the assembly by rotating the pinna about the centroid of the ear canal, ensuring that
the inclination angles of all planes coincided with α, β and γ. A flowchart of the entire process can
be found in Figure 5.7.
Having aligned the extracted pinna to resemble that of the original models, the last step
was to combine the surfaces of the ear and the interface template, accounting for the differences
in contour. Directly merging the bodies without any additional modifications resulted in uneven
surfaces where the pinna protruded over the surface of the interface. Therefore, a smooth transition
between both bodies had to be achieved, to replicate the appearance of a GRAS model for aesthetic
purposes, and to reduce the risk of producing an undesired effect over the sound signals traveling
into the ear canal. To facilitate handling of the models, both were converted to meshes using
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Figure 5.7. Flowchart of the general steps utilized for the alignment process
Fusion 360. Sections such as the surface of the interface template and the base of the extracted
ear were removed, as they would obstruct the merging process, leaving internal features exposed
(Figure 5.8). A loft was created from the end of the ear canal to the end of the internal section of
the coupling on the interface template, creating a single path that joined both cavities. The next
step consisted in creating another loft from the top of the extracted ear to the nearest edge of the
interface template, which served as a bridge that joined the external portion of both bodies. By
using the “Patch” tool from the “Surface” tab, the software was capable of detecting the open
region between the models and repair it by automatically generating a surface that smoothly
transitioned from one to the other. Lastly, all elements were stitched together, and a single solid
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body was obtained. The flowchart in Figure 5.9 describes the steps that were followed for the
surface merging process. It must be noted, however, that the scope of the alignment and merging
methods developed for this research encompasses only the models provided by GN and would
require further revision before applying to models that present alterations to the common substructures of the pinna.

Figure 5.8. Removal of interface template surface (top) and base of the extracted ear (bottom)
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Figure 5.9. Flowchart of the general steps utilized to combine the surfaces of the extracted pinna
and the interface template

5.2.4 Printing and Testing of KEMAR-Compatible Ear Models
Given the complex structure of the pinna, producing a personalized physical model is an
inherently difficult process. Creating a model through conventional manufacturing resulted
unfeasible, as the level of detail would require highly specialized equipment. Therefore, additive
manufacturing was selected as the most suitable option for the task. Additionally, three different
ear models were selected for testing: the standard GRAS KB0061 (Small left KEMAR Ear) to use
as a reference, and GN Ears 8 and 24, as recommended by GN, to clearly display the differences
in the frequency response. It can be observed that Ear 8 (Figure 5.10A) is not parallel to the
interface, giving it a protruded appearance and creating a more pronounced angle between the
pinna and the side of the head. Ear 24 (Figure 5.10B), on the other hand, appears to be attached
to the side of the head at the back of the ear and the lobe, giving it an appearance of being pressed
against the head. These variations in their morphology were the main reasoning behind GN’s
recommendation, as they would allow for a clear comparison of the frequency response given
different ear geometries.
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Figure 5.10. GN Ear models before interface modifications. A. Ear 8. B. Ear 24

5.2.4.1 Hybrid Model
In previous work conducted by Belmont (2020), it was concluded that the frequency
response of the original GRAS ears could be replicated with a maximum deviation of ±3 dB by
fabricating the models using 3D Systems’ Viper SLA 3D printer located at the Keck Center. This
approach, however, was not adequate for printing testable KEMAR-compatible ear models, as the
resulting parts would be rigid and unable to adapt to the shape of the head. Therefore, an additional
modification was performed on the ear models, which consisted of dividing the pinna and its
contour from the rest of the interface, thus allowing for that section to be produced using SLA
(Figure 5.11), while the other portion was casted using silicone to ensure a proper fit (Figure 5.12).
To avoid the need of casting different interfaces for each ear geometry, the division was designed
in such a way as to allow for interchangeable pinnae while maintaining the same silicone interface
per side (Figure 5.13).
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Figure 5.11. CAD model of ear insert designed for printing with Viper SLA system

Figure 5.12. CAD model of mold used to fabricate silicone interface
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Figure 5.13. CAD design of Interchangeable ear inserts (left) and fully assembled model (right)
All parts were fabricated with Somos Watershed XC 11122 clear resin (DSM, Heerlen,
Netherlands), and sliced and prepared for printing in the slicing software 3D Lightyear V.1.5.2.
Both the ear inserts as well as the components of the interface mold were printed using the default
settings of the slicer, with the parts resting on the build platform and the most complex sections –
the pinnae and the interior of the mold – facing away from it. As opposed to the Elastic 50A
models, which were full reconstructions of the pinna and interface capable of being fit to KEMAR
after post-processing, the SLA inserts required a flexible interface to hold them in place. To
achieve this, both sections of the previously described interface mold were coated with mold
release, which was allowed to dry for five minutes before assembling the sections and covering
the separation line with tape to prevent leakage. After, a 5 mL syringe with no needle was used to
deposit a silicone mix into the mold and left to cure overnight.

5.2.4.2 Elastic 50A
As an alternative, Formlabs’ Form3 desktop VP 3D printer was employed to fabricate the
models without requiring any additional modifications. By using a flexible resin, in this case
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Elastic 50A, it was possible to preserve high printing accuracy while allowing the models to adapt
to the shape of KEMAR’s head when placed into position. This material is able to achieve a layer
thickness of 100 microns, similar to that of the Viper SLA 3D printer, and has the capacity of
producing parts that can bend and compress for repeated cycles without tearing, while retaining
the ability to return to their original shape. The specific number of cycles before failure, however,
was not disclosed by FormLabs.
To reduce printing errors on the final parts, such as uneven surfaces or discrepancies in the
geometry, five test prints were performed with the objective of finding the optimal configuration,
that is, the one that produced the least amount of rough or uneven surfaces and maintained original
feature geometry to provide a snug fit when attaching the model to KEMAR. The assembled
models were imported into FormLabs proprietary slicer, PreForm, where the orientation of the
parts and support settings was modified to evaluate print quality. For the first test, the interface
template was printed with an inclination of 45° and supports were automatically generated with
no additional modifications (Figure 5.14A). The second test had the interface template in a
horizontal position, with supports solely on the bottom section – referring to the back portion of
the interface – and a support density of 0.9 mm (Figure 5.14B).
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B

C

D

Figure 5.14. PreForm interface displaying print configuration used for each test. A. 45°
orientation with unedited supports. B. Horizontal orientation with reduced support structures. C.
Horizontal orientation with internal support structures. D. Horizontal orientation with internal
supports and added structures on the sides of the model. E. Vertical orientation with reduced
supports and internal structures
For the third test, the assembled model was printed with the same configuration as the
previous one and a reduced amount of internal supports (Figure 5.14C). The fourth test once again
repeated the previous configuration, with the addition of supports on the walls of the base (Figure
5.14D). The fifth and last test had the model in a vertical position, with a reduced number of
supports and the same support density of the previous three tests (Figure 5.14E).The different
parameters used for each of the test prints can be found in Table 5.1
Table 5.1. Table listing the parameters used for each of the test prints
Test Print
A
B
C
D
E

Support Structures
As generated by PreForm
As generated by PreForm
Reduced number of structures
Reduced number of structures
Reduced number of structures
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Support Density
1.0 mm
0.9 mm
0.9 mm
0.9 mm
0.9 mm

Orientation
45°
0° (Horizontal)
0° (Horizontal)
0° (Horizontal)
90° (Vertical)

5.2.5. Acoustic Testing
Given that the hemi-anechoic chamber developed for this research was still at the early
stages of installation during this part of the project, a visit was scheduled to GN’s Beltone offices
in Chicago to perform acoustic testing within the fully anechoic chamber at that location. As can
be seen in Figure 5.15, GN’s KEMAR manikin was located on top of a turntable mechanism,
facing towards a uniaxial speaker approximately 1.5 meters away and aligned using a laser level.
The turntable produced a controlled, rotational movement during testing to analyze the frequency
response at various orientations of the head and torso (Figure 5.16), while the specialized uniaxial
speaker allowed for an overlay of the woofer and the tweeter, meaning that high and low
frequencies could be produced from one same location, thus reducing variability of sound waves
throughout different frequencies. The test itself consisted of fitting matching ear models to
KEMAR, playing an audio sweep ranging from 100 Hz to 20 kHz, and rotating the manikin by 5°
at the end of the sweep in a counterclockwise direction. This process was repeated automatically
until a rotation of 360° had been completed. The entire setup was controlled using the audio test
software SoundCheck (Listen, Boston, Massachusetts), including the pressure microphones
located inside KEMAR’s head used to capture and transmit data. Once the test was complete, the
raw data was automatically imported to Excel, organized into tables, and displayed as various
graphs through the use of a macro. The entire process was repeated five times, one per pair of ear
models, starting with the Small KEMAR Ears fabricated with Elastic 50A to use as a reference
(Table 5.2).
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2

3

Figure 5.15. Testing setup at GN. 1) Uniaxial speaker. 2) GN’s KEMAR manikin. 3) Turntable
mechanism

Figure 5.16. Rotational movement of the head and torso produced by turntable mechanism
Table 5.2. Arrangement and description of the models tested at GN
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5.3

Results and Discussion

5.3.1. Dimensional Accuracy
Once printed, post-processing was necessary to ensure all of the parts were fully cured and
to remove support structures. As previously mentioned, the parts were fabricated using two
different resins, as such, the required processing varied depending on the material – Somos
Watershed clear resin or Elastic 50A. After the procedure, the parts were fit-tested on KEMAR to
analyze dimensional accuracy and to determine if the models were suitable for acoustic testing,
based on their ability to adapt to the shape of the head and stay in place without falling off. All of
these steps are discussed more in detail in the following sections.

5.3.1.1 Silicone – SLA Hybrid
Parts printed with Somos Watershed clear resin were washed manually with isopropyl
alcohol and dried with an air hose for several cycles until all the uncured material had been fully
removed. The parts were then placed inside an oven to cure at a temperature of 60°C for 30
minutes and had their supports removed manually as the last step. The finished parts – ear inserts
and silicone interface – can be seen in Figures 5.17 and 5.18.

Figure 5.17. Left and right silicone interfaces next to Ear 8 models
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Figure 5.18.Complete set of interchangeable ear inserts (left) and fully assembled model (right)
Once the silicone interface finished curing and the full assembly was complete, the models
were fit-tested on KEMAR to verify the attachment to the head (Figure 5.19). Both silicone
interfaces were able to attach without complications, nonetheless, the ear inserts proved to be more
difficult to fit into position. Installing the inserts after the silicone interface often resulted in the
ears being unable to attach and falling off. On the other hand, installing them at the same time
allowed the ears to stay in place, although a separation between both components would occur
near the corners and become more pronounced as the assembly was pushed deeper into KEMAR’s
head. This separation was a direct consequence of the inability of the ear inserts to adapt to the
shape of the head, a flaw in design that could only be fixed by modifying the models. This
alternative, however, could not be pursued due to time constraints and, ultimately, a decision was
made to move forward with acoustic testing.
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Figure 5.19. Left silicone - SLA hybrid model attached to KEMAR's head

5.3.1.2 Elastic 50A
Parts printed with Elastic 50A were washed in the Form Wash (FormLabs, Somerville,
Massachusetts) using isopropyl alcohol, cured in the Form Cure (FormLabs, Somerville,
Massachusetts) at a temperature of 60°C for 20 minutes, and had their supports removed manually
in post-processing. The first test print followed that same order, while the rest had support removal
as the first step to facilitate the procedure and minimize support marks.
Support removal of the first test print proved to be a complicated and time-consuming
process. Having first washed and cured the part resulted in support structures becoming less fragile
and, with the added flexibility of the material, difficult to remove. The support conglomeration
near the lower portion of the part caused the structures to merge with one another, as well as with
the main body, making touchpoints indistinguishable. This unexpected outcome also led to the
deformation of areas in close proximity. The combination of these factors led to the part being
visibly rugged at the back and lower portions, as can be observed in Figure 5.20. Once finished
with post-processing, the model was attached on to KEMAR’s left coupling to evaluate its fit. The
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lateral and top portions of the part were able to fit correctly, nonetheless, the deformation on the
lower section caused by the support structures made that area protrude and unable to fully attach
to KEMAR’s head.

Bottom

Top

Figure 5.20. Model placed in upside-down position to display rugged surfaces on the bottom (left)
and back of the interface (right)
Removal of support structures for the second test print was significantly faster and less
complicated, due to part orientation and the fragility of the material before being washed and cured.
Additionally, reducing the number and density of supports in the slicer, as well as performing
support removal at the start of post-processing, resulted in less rugged surfaces. The part was then
attached to KEMAR’s head to evaluate dimensional accuracy of the interface. As can be seen in
Figure 5.21, this iteration successfully attached to KEMAR’s left coupling without any
complications or protruding areas. As such, the same configuration was utilized for subsequent
experiments. For the third test, the assembled model of the extracted ear with the interface
template was printed using the same slicer settings of the previous one, with the only exception
being the inclusion of internal supports to assist with overhanging sections of the pinna. The part,
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however, displayed signs of warpage on the back of the interface, creating a slight curvature that
prevented full attachment to KEMAR, most notable on the bottom-right corner, as shown in Figure
5.22.

Figure 5.21. Second test print successfully attached to KEMAR's left coupling

Figure 5.22. Right side protrusion observed when attaching third test print to KEMAR's head
The following test print implemented support structures on the walls of the interface to
prevent warpage. This approach reduced the curvature but was unable to completely eliminate it,
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resulting once again in an uneven surface that complicated the fitting process. For the final test,
the vertical orientation yielded the most detailed version of the model with a minimal amount of
supports.

The back portion did not present any warpage and support marks were nearly

imperceptible. On the other hand, it was apparent that the area at the bottom, facing the build
platform, had a rugged surface despite the rest of the part showing no such deformation. It was
thus concluded that uneven surfaces observed in other test prints were not a result of warpage, but
instead a limitation of the Form3 when printing flat surfaces parallel to the build platform on top
of support structures. Nonetheless, the part was able to fit snuggly into KEMAR’s head due to the
fact that the affected region was confined to a smaller area that did not interface with the coupling.
Given that the vertical orientation produced the only part that could fully attach to KEMAR, while
using a reduced amount of supports in relation to previous iterations, it was selected as the bestsuited configuration for the fabrication of the ear geometry.

5.3.2. Acoustic Performance
As previously mentioned, the Small KEMAR Ears fabricated with Elastic 50A were
attached to GN’s KEMAR manikin and acoustically tested to compare their performance in
relation to the original GRAS silicone ears. Ears 8 and 24 fabricated with Elastic 50 A and Somos
Watershed were also tested to analyze the impact of different morphologies on the frequency
response. As with the previous fitting test, the Elastic 50A models were able to fully attach to
KEMAR’s head – with a couple of exceptions – and adapt to its shape (Figure 5.23), while also
staying in place for the entire duration of the test, of approximately 40 minutes. It must be noted,
however, that the Elastic 50A Small KEMAR Ears protruded slightly from the head, despite
numerous attempts to fit them correctly into position, particularly the right side, which had a more
notable protrusion than the left side. The potential impact of the protrusion on the results is
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discussed later in this sub-chapter. Similarly, the silicone – SLA hybrid models presented the same
issues as those seen when performing the fitting test at the Keck Center, where the ears would start
detaching as the model was pushed further into KEMAR’s head (Figure 5.24). In this case, the
rotational movement caused the ear inserts to fall off on multiple occasions, leaving the silicone
interface exposed. For this reason, the ears had to be readjusted several times before starting the
test.

Figure 5.23. Left Elastic 50A ear 24 model attached to GN’s KEMAR manikin

Figure 5.24. Left silicone-SLA hybrid ear 24 model attached to GN's KEMAR manikin
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Figure 5.25 displays the results of a single test, illustrating the frequency response of the
left Elastic 50A Small KEMAR Ear at various azimuth angles with a speaker inclination of 90°.
A similar graph can be seen in Figure 5.26, which depicts the frequency response of the right
Elastic 50A Small KEMAR Ear. Despite being tested at the same time under the same conditions,
it can be observed that the frequency response of the ear models is not the same. This is most
apparent in the black curve representing an azimuth angle of 0° at 13.2 kHz, where the left side
shows a spike in SPL, while the right side shows a dip. To account for this difference, samples of
the dataset were divided into left and right groups and analyzed within their respective
classifications. Multiple graphs were generated by the software when performing the tests,
nonetheless, only the raw data at an azimuth angle of 0° was extracted and utilized in further
comparisons and analyses in order to simplify visualization.

Figure 5.25. Frequency response analysis of left Elastic 50A Small KEMAR Ear
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Figure 5.26. Frequency response analysis of right Elastic 50A Small KEMAR Ear
Figure 5.27 is an overlay of the frequency responses of the left original GRAS Small
KEMAR Ear model and the left Elastic 50A version of that same model, displayed in blue and
green curves, respectively. It can be noted that, although not identical, the curves share a similar
pattern. Figure 5.28 illustrates the frequency response of the right-side counterparts, with the
original model in red and the Elastic 50A version in yellow. In this case, both paths follow each
other closely, up until 12 kHz, where they diverge and the deviations become more apparent. The
overall absolute deviation of the Elastic 50A Small KEMAR Ears, in relation to the original GRAS
models, can be found in Figure 5.29, which displays the left-side deviations in blue and the rightside ones in red. It can be observed that, in both instances, the deviations start close to zero and
become more pronounced as the frequency increases. This is particularly notable on the right side,
with a maximum deviation of 9.76 dB at 13.2 kHz. On the other hand, the left side remains below
5 dB throughout the entire frequency range, with a peak deviation of 4.55 dB at 9.5 kHz.
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Figure 5.27. Frequency response comparison of the Elastic 50A (green) and original version
(blue) of the left Small KEMAR Ear

Figure 5.28. Frequency response comparison of the Elastic 50A (yellow) and original version
(red) of the right Small KEMAR Ear
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Figure 5.29. Absolute deviation of Elastic 50A models in relation to original GRAS model
For a more comprehensive analysis, the frequency range was sectioned into five groups,
using octaves and their perception as the main elements for classification. The first group
encompasses frequencies between 100 Hz to 4 kHz and is reserved for the 2nd to 5th octaves, where
rhythm frequencies can be found. Group two has the 6th and 7th octaves and a frequency range of
512 Hz to 2.048 kHz; this area is where speech intelligibility resides. The next group contains the
8th and 9th octaves, responsible for giving presence to speech, and with a frequency range of 2.048
kHz to 8.192 kHz. Group four has only the 10th octave, with a frequency range between 8.192
kHz and 16.384 kHz; sounds with clear and ringing tones appear in this range. The last group is
solely composed of the 11th octave, where nebulous sounds approaching and surpassing human
hearing can be found. This group ranges in frequency from 16.384 kHz to 32.768 kHz, however,
the upper value was limited to 20 kHz as that is the highest frequency tested with the audio sweep,
marking the threshold of human hearing. A graph using this classification can be seen in Figure
5.30, which illustrates the variation in average deviation and standard deviation based on frequency
range for the left Elastic 50A Small KEMAR Ear. The first four groups show an increasing trend
of average and standard deviation, peaking at 2.53 dB in the frequency range of 8.192 kHz to
16.384 kHz. The last group, on the other hand, breaks away from this trend and shows a significant
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Figure 5.30. Average deviation of left Elastic 50A Small KEMAR Ear at various frequency ranges
using octave classification
decrease, dropping down to 0.97 dB with a standard deviation of 0.79. A similar pattern can be
observed in Figure 5.31, displaying average and standard deviations of the right Elastic 50A Small
KEMAR Ear. An increasing trend followed by a decrease in the last group is also present in the
analysis, however, it can be noted that the values surpass in magnitude those of the left side. The
deviation peak also occurs in group four, with a value of 6.01 dB, over two times the peak deviation
of its counterpart. The standard deviation of the group is also significant, at 3.03 dB, suggesting
that the samples within the dataset had a large spread at that frequency range.
This increase in deviation at higher frequencies and its prominence on the right side can be
explained by taking into account the previously mentioned protrusion of the Elastic 50A Small
KEMAR Ears when placed onto the manikin’s head. The effects of geometry and the environment
on the propagation of sound waves become more pronounced as frequency increases. Thus, any
deviations caused by having a different fit from the original GRAS Small KEMAR Ears become
amplified as the audio sweep reaches the end of its range. Considering that the right-side Elastic
50A model presented more protrusion than the left one, this conclusion becomes the most likely
explanation. Regarding the acoustic performance of the Elastic 50A models in relation to the
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Figure 5.31. Average deviation of right Elastic 50A Small KEMAR Ear at various frequency
ranges using octave classification
original GRAS models, it is important to analyze the maximum deviation from each side and the
frequency at which they occur. It is mentioned in the literature that a change of 3 dB is
imperceptible to the human ear, as such, this value can be used as a range of tolerance to decide
whether the performance of the Elastic 50A models is acceptable or not. The left-side model
remains within tolerance until reaching a frequency of 9 kHz, the point at which it begins
oscillating back and forth until finally going below the 3 dB mark at 13.2 kHz. The right-side
model similarly goes above tolerance at 9 kHz; in this case, however, the deviations are more
apparent and the points at which they dip below the 3 dB threshold are brief and followed by peaks
that, once again, are outside the range of tolerance. Overall, the left-side model remains within
tolerance for a majority of the audio sweep, while the right-side model becomes visibly more
unstable at higher frequencies.

By analyzing the starting deviations of both models, and

accounting for the potential impact in sound propagation caused by the protrusions, it can be
concluded that the frequency response of the Elastic 50A models is comparable to that of the
original GRAS ears. Nonetheless, additional testing would be required using models with no
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protrusion to verify the validity of this conclusion, as the deviations observed at higher frequencies
could also be a consequence of using a different material for the re-creation of the ear models.
In the case of ear models of different morphologies, such as ears 8 and 24, which have
custom interfaces to allow them to attach to KEMAR, it was not possible to use any sort of
reference to compare the frequency response as those were the only models of their kind. Instead,
an analysis was made to determine if the frequency responses of Elastic 50A models and silicone
– SLA hybrid models were comparable to one another. Figure 5.32 displays the frequency
response of ear 8 when fabricated with Elastic 50A and the silicone – SLA hybrid. It can be seen
that both curves of the Elastic 50A models, as well as the right side of the hybrid, follow a similar
pattern, while the left side of the hybrid diverges from the rest at a frequency of approximately 1
kHz. It can also be observed that the frequency response of the hybrid models has abrupt dips that
are not present in the Elastic 50A models. This is most apparent on the left side, which displays
an upward trend similar to the other curves and suddenly dips at 3 kHz, but can also be seen on
the right side at 8 kHz, where the curve follows the downwards trend seen in the Elastic models
but ends up going 8 dB lower. As for ear 24, it can be observed in Figure 5.33 that the curves
follow a similar pattern for the majority of the audio sweep, with the main outlier being the rightside hybrid model in yellow. It follows a similar pattern to that of its Elastic 50A counterpart in
red, nonetheless, at the frequencies of 6 kHz and 14 kHz, there are pronounced dips that create an
offset of approximately 10 dB. The irregular behavior seen in the hybrid models is, most likely,
due to the detachment of the ear inserts previously discussed. Despite multiple attempts to secure
the inserts in place, it was not possible to prevent the detachment caused by a flaw in the design.
As such, it can be concluded that the frequency response of the hybrid models and Elastic 50A
models is not comparable, at least with the current design of the ear inserts which prevents full
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attachment to the head. Therefore, only the frequency response of the Elastic 50A models was
used for the final analysis.

Figure 5.32. Frequency response of ear 8, comparing Elastic 50A models and silicone-SLA hybrid
models
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Figure 5.33. Frequency response of ear 8, comparing Elastic 50A models and silicone-SLA hybrid
models
The first two analyses were performed in order to determine if the Elastic 50A parts were
comparable to the original GRAS models and to identify if the deviations found were within
tolerance. The next analysis attempted to define if the frequency response of the hybrid and Elastic
50A models was comparable to one another. Lastly, a comparison was made using the Elastic
50A models to identify the variations in the frequency response caused by differences in the
morphology of the pinnae. This analysis can be found in Figures 5.34 and 5.35, which depict the
deviations of the left-side models and the right-side models, respectively. In both instances, it can
be noted that the frequency response at lower frequencies follows a very similar pattern that ends
at around 2 kHz, where the curves start diverging. Although not identical, the curves of the
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Figure 5.34. Frequency response of left Elastic 50A models
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Figure 5.35. Frequency response of right Elastic 50A models
left-side models still follow a similar trend, while those of the right-side models are visibly
different. The dataset was normalized using the data of the Elastic 50A Small KEMAR Ears as a
reference point, to determine the significance of the variations in the frequency response using the
3 dB tolerance as a threshold. Figures 5.36 and 5.37 display the absolute deviations in relation to
the Elastic 50A Small KEMAR Ears and highlight the range of tolerance at the 3 dB mark. The
left-side models show a consistent deviation above 3 dB after the 7.1 kHz frequency, while the
right-side models show an earlier consistent deviation at 5.3 kHz. It can thus be concluded that
variations in the morphology of the pinnae can result in significantly different frequency responses,
which highlights the importance of developing ear models that account for these variations in
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morphology and can produce results that more accurately resemble the anatomical frequency
response. Based on the acoustic performance of the Elastic 50A models, it can also be concluded
that the method developed to design testable KEMAR-compatible ear models was successful and
that FormLabs’ Elastic 50A resin is suitable for this application.

Figure 5.36. Absolute deviation of Elastic 50A left ear 8 and 24 in relation to Elastic 50A left
Small KEMAR Ear

Figure 5.37. Absolute deviation of Elastic 50A right ear 8 and 24 in relation to Elastic 50A right
Small KEMAR Ear
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CHAPTER 6
CONCLUSION AND RECOMMENDATIONS
6.1.

Conclusions
Research was made on the design of anechoic and hemi-anechoic chambers for the

installation of an on-campus acoustic testing facility. Several tests were performed on various
panels to evaluate sound absorption and reflectivity using ASTM guidelines to determine their
performance. Additional tests were conducted to analyze the impact of having material acting as
an interface between the wall and the panels. It was concluded that standard size melamine panels
provided the most absorption and least reflection, and that neither cardboard nor Rockwool had a
significant benefit for the range of frequencies being tested. As such, a layout of the final
installation was designed in Fusion 360 using the dimensions of Melamax panels and the office at
the Keck Center for an accurate visualization. This allowed problematic areas to be identified
early on and planned for accordingly by modifying the design. The final version of the test room
was then used to approximate the total amount of material needed, and as a reference model for
the final installation. During installation, a few areas of improvement were identified and
modifications were made accordingly, allowing for an increase in the amount of panels installed.
Accessible 3D scanning technologies were implemented to capture and reconstruct the
geometry of the pinna by using an artificial left ear as a reference. An XCT scanner was utilized
to produce an accurate model to serve as a benchmark. The reconstructions were then compared
to the benchmark by performing a surface analysis using the XCT scan as nominal data. It became
apparent that TrueDepth reconstruction was capable of capturing a majority of the structures of
the pinna, while photogrammetry failed to reconstruct many of those same features. By having a
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controlled environment and increasing the sample size, it would be possible to obtain a more
detailed photogrammetric reconstruction, nonetheless, this would considerably increase the
processing time required by the software. Therefore, TrueDepth technology was deemed as the
most appropriate approach for modeling the anatomy of the ear, given its accessibility, simplicity,
time-effectiveness, and accuracy of ±1 mm.
Ear models of different morphologies provided by GN ReSound were edited in Fusion 360
to achieve compatibility with KEMAR for acoustic testing. This required the ear geometries to be
extracted from the main bodies and combined with an interface template that recreated the interface
of the original GRAS models. To eliminate variation in the process and increase repeatability, a
parametrized, streamlined approach was developed for the extraction of the ears, the fabrication
of the interface template, the alignment of the bodies and the merging operation to combine
surfaces. The alignment method used in this work necessitated existing ear models to use as a
reference for pre-existing alignments. Nonetheless, the implementation of a universal alignment
system, such as the Frankfort Horizontal Plane (FHP), would allow for the pre-process alignment
of scan data required for the operation.
Lastly, the KEMAR-compatible models were produced by making use of the design
freedom provided by AM workflow. The models were fabricated with VP technology using two
different materials. One was a flexible engineering resin, which allowed for the elaboration of
highly detailed parts capable of adapting to the shape of KEMAR’s head, while the other was a
rigid clear resin that was accompanied by a flexible interface composed of silicone. Several part
orientations and support distributions were tested to identify an optimal configuration for the
elastic resin. Once found, the remaining models were printed following the same configuration
and tested along with the rigid resin models, to ensure a proper fit on KEMAR. All of the models
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were then tested within an anechoic chamber during a visit to GN. The results were analyzed and
divided into sections to evaluate the performance of the different ear models and materials.

6.2.

Recommendations for Future Work
Future work should include tests performed within the finished test room to corroborate its

functionality as a hemi-anechoic chamber. As of the completion of this thesis, acoustic testing
equipment has been provided by GN, nonetheless, its full installation is yet to be completed to
allow for high-capacity tests to be performed. Subsequent tests should then be conducted on both
the Keck Center’s HPD and the KEMAR-compatible ear models and compared to the results
obtained by GN to determine the accuracy of the on-campus acoustic testing facility. As for the
method to develop compatible ear models of different morphologies, sets of models should be
elaborated using scan data as a reference, rather than pre-existing models.

As previously

mentioned, a universal alignment system was identified and could be implemented at the start of
the workflow, nonetheless, this approach was not explored due to the fact that all of the models
fabricated with VP had ear geometries provided by GN. Given the issues seen with some of the
printed models, such as protrusion and detachment, it would be beneficial for the analysis of the
frequency response to correct design flaws and ensure that all models being tested are under the
same conditions. As an example, the potential impact of having the Elastic 50A models as a single
part and the hybrid models as two was not accounted for in the analysis, therefore, it would be
valuable to evaluate acoustic performance when all samples are affected by the same variables.
This could be done by ensuring that all models are either a single part, or follow the hybrid design
presented in this work, keeping the interface as a constant while using different materials for the
inserts. The results of these tests could then be used to design generalized models of the pinnae
with prevalent features that more accurately represent the frequency response of different
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morphologies. This, however, would require an increased sample size to ensure that the resulting
models represent a wide population rather than a few morphologies. Lastly, it could prove useful
to analyze the impact of material flexibility on the frequency response of printed ears. This could
be achieved by testing various models of different hardness and comparing their frequency
response in relation to a reference. The results of this analysis could then be applied for the
fabrication of more accurate ear models and, potentially, implemented into the design of the Keck
Center’s HPD.
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APPENDIX A

Figure A. 1. Overlay of the frequency response curves of the control group obtained during the
first testing phase

Figure A. 2. Overlay of the frequency response curves of SoundAssured’s polyurethane panels
obtained during the first testing phase
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Figure A. 3. Overlay of the frequency response curves of NetWell’s Melamax panels obtained
during the first testing phase

Figure A. 4. Overlay of the frequency response curves of NetWell’s V-Cut panels obtained
during the first testing phase
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APPENDIX B

Figure B. 1. Standard deviation of the frequency response obtained for the control group at
various frequencies

Figure B. 2. Standard deviation of the frequency response obtained for SoundAssured’s
polyurethane panels at various frequencies

123

Figure B. 3. Standard deviation of the frequency response obtained for NetWell’s Melamax panels
at various frequencies

Figure B. 4. Standard deviation of the frequency response obtained for NetWell’s V-Cut panels at
various frequencies
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APPENDIX C

i.

ii.

iii.

Figure C. 1. Overlay of the frequency response curves of the control group obtained during the
second testing phase at three different microphone locations. i. Position 1. ii. Position 2. iii.
Position 3
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i.

ii.

iii.

Figure C. 2. Overlay of the frequency response curves of the cardboard interface obtained during
the second testing phase at three different microphone locations. i. Position 1. ii. Position 2. iii.
Position 3
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i.

ii.

iii.

Figure C. 3. Overlay of the frequency response curves of the Rockwool interface obtained during
the second testing phase at three different microphone locations. i. Position 1. ii. Position 2. iii.
Position 3

127

i.

ii.

iii.

Figure C. 4. Overlay of the frequency response curves of SoundAssured’s polyurethane panels
obtained during the second testing phase at three different microphone locations. i. Position 1. ii.
Position 2. iii. Position 3
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i.

ii.

iii.

Figure C. 5. Overlay of the frequency response curves of NetWell’s Melamax panels obtained
during the second testing phase at three different microphone locations. i. Position 1. ii. Position
2. iii. Position 3
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i.

ii.

iii.

Figure C. 6. Overlay of the frequency response curves of NetWell’s V-Cut panels obtained
during the second testing phase at three different microphone locations. i. Position 1. ii. Position
2. iii. Position 3
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APPENDIX D

Figure D. 1. Standard deviation of the frequency response obtained for the control group at
various frequencies at three different microphone locations

Figure D. 2. Standard deviation of the frequency response obtained for the cardboard interface
at various frequencies at three different microphone locations
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Figure D. 3. Standard deviation of the frequency response obtained for the Rockwool interface
at various frequencies at three different microphone locations

Figure D. 4. Standard deviation of the frequency response obtained for SoundAssured’s
polyurethane panels at various frequencies at three different microphone locations
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Figure D. 5. Standard deviation of the frequency response obtained for NetWell’s Melamax
panels at various frequencies at three different microphone locations

Figure D. 6. Standard deviation of the frequency response obtained for NetWell’s V-Cut panels
at various frequencies at three different microphone locations
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APPENDIX E

Table E. 1. Attenuation obtained for each of the test samples at different microphone locations,
standard deviation and average attenuation per position, and average attenuation and standard
deviation per sample
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APPENDIX F

A

B

Figure F. 1. Digital workflow to convert a set of images into a 3D model using Meshroom
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